Electroluminescent and photoluminescent phosphor development and a facile approach to synthesis of refractory silicates at low temperatures by Keszler, Douglas A. et al.
AN ABSTRACT OF THE DISSERTATION OF
Benjamin L. Clark for the degree of Doctor of Philosophy in Chemistry presented
on May 3, 2001.Title:Electroluminescent and Photoluminescent Phosphor
Development and a Facile Approach to Synthesis of Refractory Silicates at Low
Temperatures.
Abstract Approved:
Douglas A. Keszler
Severalphosphorsofimportanceforalternating-currentthin-film
electroluminescent (ACTFEL) device applications have been synthesized and
studied.Particular attention was paid to synthesis of a bright and efficient green
ACTFEL phosphor by using codopants, solid-solution, and ceramic processing
techniques.
Emission from SrS:Cu has been studied.The specific emission color
depends strongly on the local environment surrounding the Cu ion in the SrS
lattice.Both blue and green emissions have been reported previously, and there
remains considerable debate as to the origins of these emissions. A new model
emphasizing the structural environment of the Cu atom in its ground state is used to
account for new and previously reported data on the SrS:Cu system. The model is
described, extended to emission colors in other Cu-doped alkaline-earth sulfides,
and used to account for the performance characteristics of EL devices.
Redacted for PrivacyThe differences in ACTFEL performance of ZnS and SrS were studied by
comparing the EL emission spectra of each with a series of lanthanide dopants. On
the basis of these spectra and the electrical characteristics of the device, it was
confirmed that the electron distribution for ZnS is not hot enough at higher energies
to efficiently excite luminescent impurities in the blue region of the spectrum and
this results in inefficient blue EL emission as compared to SrS.
Hydrothermal dehydration, a simple method for preparing refractory
silicates at low temperatures and pressures, is introduced. The method involves
precipitation of a hydroxylated silicate, followed by dehydration under equilibrium
conditions. Three silicates were synthesized using this method: Zn2SiO4, SnSiO3,
and Mg2SiO4.Electroluminescent and Photoluminescent Phosphor Development and a Facile
Approach to Synthesis of Refractory Silicates at Low Temperatures
by
Benjamin L. Clark
A DISSERTATION
submitted to
Oregon State University
in partial fulfillment of
the requirements for the
degree of
Doctor of Philosophy
Completed May 3, 2001
Commencement June 2001Doctor of Philosophy dissertation of Benjamin L. Clark presented on May 3, 2001.
APPROVED:
Major Professor,
Head of 'eartment, representing
Dean of the
I understand that my dissertation will become part of the permanent collection of
Oregon State University libraries. My signature below authorizes release of my
dissertation to any reader upon request.
Benjamin L. Clark, Author
Redacted for Privacy
Redacted for Privacy
Redacted for Privacy
Redacted for PrivacyACKNOWLEDGEMENTS
I would like to first thank my major professor, Doug Keszler.His
unwavering support, guidance, encouragement, and seemingly unending stream of
ideas have greatly helped me the last several years.
I would next like to extend my gratitude to my committee members, Arthur
Sleight, Janet Tate, Milo Koretsky, Richard Peterson, and Richard Tuenge, for their
support in both my coursework and in my research.
This work would not have been possible without the help and collaborative
research efforts of the department of Electrical and Computer Engineering.I
especially have to thank Paul Keir, whom without, this thesis would not be
complete. Beau Baukol and John Hitt were very helpful in helping me with the
finer points of electrical characterization techniques and in helping me with energy
transfer experiments.Jeff Bender was very helpful with many low temperature
annealing techniques.I am also grateful to John "The Bossman" Wager for
allowing me to work with his research group in ECE.
I need to thank both former and present members the Keszler Power Group
for their support, encouragement, and helpful discussions: Ki-Seog Chang, Dong
Li, Greg Peterson, Judith Kissick, Sangmoon Park, Jennifer Stone, Jeremy
Anderson, T. Cho, Youhyak Kim, and Mike Hruschka. I especially need to thank
Dong Li for helping me in the initial stages of this work and for encouraging me to
work with Dr. Wager's group in ECE.The faculty and staff here at OSU were all tremendously helpful, and I need
to thank them for their support.I have also made a lot of new friends in this
department including Geoffrey Barber, David Blanchard, Kevin Cantrell, Englene
Chyrsostom, George Law, and Towy Masiella. My old friends Bill Suckow and
Jon Tichenor have always been there for me.
My parents Judy and Kerry Murray, and Larry and Debbie Clark, have been
tremendously supportive, even though they have always teased me about being a
professional student.I have to also thank my in-laws, George and Mary Copeland,
and Donna and Doug Goldsmith, who I'm sure thought twice about me after
finding out that I was going to attempt to support their daughter, and myself, on a
graduate student's stipend for four years. But they have always been there for us,
and I appreciate them for that.
By far most importantly, I need to thank my wife, Sara. Her undying love
and support of me the last few years have been remarkable.Without her, I
wouldn't be where I am today.CONTRIBUTION OF AUTHORS
This work would not have been possible without the help of several
collaborators. These collaborators and their respective contributions are given here.
DongLiwasessentialintheintroductoryphasesofexaminingthe
photoluminescence of SrS and ZnS for chapters 2 and 3. Paul Keir contributed in
chapters 2-4 by helping manufacture the ACTFEL devices used for testing. He is
also responsible for most of the electrical characterization of the ACTFEL devices.
Beau Baukol and Crystal Maddix contributed in chapter 4 by developing and
testing the ACTFEL devices. He is also responsible for part of the electrical and
optical characterizations conducted. Jeremy Anderson helped synthesize and test
SrS powders used in chapter 5. Tom Reynolds is responsible for providing the
single crystal of LaSc3(BO3)4 used in Appendix A.TABLE OF CONTENTS
Page
CHAPTER 1: INTRODUCTION .................................................. 1
Luminescence Process ...................................................... 2
Colorand Light............................................................... 3
ACTFEL Devices ............................................................ 9
Device Structure.................................................... 10
ACTFEL Operation................................................ 12
ACTFEL Optical Characterization ............................... 15
Processing of ACTFEL Devices........................................... 17
Evaporation.......................................................... 18
Sputtering............................................................ 20
Plasma Enhanced Chemical Vapor Deposition................. 22
Atomic Layer Epitaxy............................................. 23
Phosphor Development...................................................... 24
General History of Phosphors..................................... 25
Lamp Phosphor Development .................................... 26
ACTFEL Phosphor Development................................ 29
ThisWork..................................................................... 32
References.................................................................... 33
CHAPTER 2:COLOR CONTROL IN SULFIDE PHOSPHORS:
TURNING UPTHELIGHT FOR ELECTROLUMINESCENT
DISPLAYS............................................................................ 38TABLE OF CONTENTS (continued)
Page
Abstract 39
Introduction.................................................................. 39
Experimental.................................................................. 42
Results and Discussion .......................................................43
Conclusions.................................................................. 48
Acknowledgments........................................................... 48
References.................................................................... 49
CHAPTER 3: ALKALI METAL COACTIVATORS IN SrS:Cu THIN-
FILM ELECTROLUMINESCENT DEVICES................................... 50
Abstract........................................................................ 51
Introduction.................................................................. 51
Experimental.................................................................. 52
Results and Discussion...................................................... 53
Conclusions.................................................................. 58
References.................................................................... 59
CHAPTER 4: LANTHANIDE DOPING IN ZnS AND SrS THIN-FILM
ELECTROLUMINESCENT DEVICES.......................................... 60
Abstract........................................................................ 61
Introduction.................................................................. 61
Experimental.................................................................. 63
Results and Discussion...................................................... 64TABLE OF CONTENTS (continued)
Page
Conclusions 79
Acknowledgments........................................................... 80
References.................................................................... 80
CHAPTER 5: LUMINESCENCE OF Cu DOPED CaS, SrS, AND BaS 83
Abstract....................................................................... 84
Introduction.................................................................. 84
Experimental.................................................................. 85
Preparation of CaS.................................................. 85
Preparation of Sr1BaS........................................... 85
Results and Discussion...................................................... 86
Conclusions.................................................................. 101
References.................................................................... 101
CHAPTER6: HYDROTHERMALDEHYDRATION: A
CONVENIENT SYNTHESIS METHOD FOR SOLIDS....................... 103
Abstract........................................................................ 104
Introduction.................................................................. 104
Experimental .................................................................. 105
Zn2SiO4............................................................... 105
SnSiO3............................................................... 106
Results and Discussion...................................................... 107
Zn2SiO4............................................................... 107TABLE OF CONTENTS (continued)
Page
SnSiO3 . 109
Conclusions . 111
Acknowledgments . 112
References.................................................................... 112
CHAPTER 7: PHOTO- AND ELECTRO-LUMINESCENCE OF ZINC
GERMANATE ACTFEL DEVICES.............................................. 113
Abstract........................................................................ 114
Introduction.................................................................. 114
Experimental.................................................................. 116
Results and Discussion...................................................... 116
Conclusions.................................................................. 120
References.................................................................... 121
CHAPTER 8: LOW TEMPERATURE SYNTHESIS OF FORSTERITE
BY HYDROTHERMAL DEHYDRATION...................................... 122
Abstract........................................................................ 123
Introduction.................................................................. 123
Experimental ................................................................... 125
Results and Discussion...................................................... 126
Conclusions.................................................................. 131
References.................................................................... 131
CHAPTER 9:CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE STUDIES.................................................................. 133TABLE OF CONTENTS (continued)
Page
Conclusions . 133
Recommendations for Future Studies..................................... 135
Diffuse Reflectance of SrS:Cu.................................... 135
Pressure Effects of Luminescence of SrS:Cu ................... 136
ab initio Calculations on SrS:Cu................................. 137
Lifetime Data on SrS : Cu.......................................... 137
Low Temperature Processing for Oxide ACTFEL Devices... 137
Hydrothermal Dehydration Synthesis of Other Silicates...... 138
BIBLIOGRAPHY.................................................................... 139
APPENDIX A:CRYSTAL STRUCTURE OF Nd:LaSc3(B03)4 AND
LUMINESCENCE STUDIES OF Tb :CeA13(B03)4.............................. 148
Crystal Structure of Nd: LaSc3(B03)4.................................... 148
Photoluminescence of Th: CeAI3(BO3)4.................................. 150
APPENDIX B: UNFINISHED PROJECTS...................................... 153
Synthesis of Sn2(WO4)3 Single Crystals.................................. 153
Hydrothermal Dehydration of SnWO4.................................... 153
Luminescence of SrS:Cu, Ag.............................................. 154
SrGa2S4 and Sr2Ga2S5 Phosphors.......................................... 154LIST OF FIGURES
Figure Page
1.1Configurational coordinate diagram....................................... 3
1.2Luminosity curve for CIE standard observer............................ 4
1.3Color matching functions for CIE 1931 standard observer 6
1.4CIE chromaticity diagram................................................. 8
1.5The standard ACTFEL device structure and the inverted device
structure ....................................................................... 11
1.6Band structure model of an ACTFEL device........................... 14
1.7Energy band diagram of an ACTFEL device with positive space
charge.......................................................................... 15
1.8A typical L-V curve for an ACTFEL device............................. 16
1.9Typical-V curve for a generic ACTFEL device....................... 17
1.10Schematic diagram of electron beam evaporation....................... 20
1.11Schematic of the sputtering process....................................... 21
1.12Deposition of one monolayer of ZnS by ALE........................... 24
2.1Photoemission spectra for the series Zn13,2GaS:Mn.................. 44
2.2Photoemission spectra for SrS codoped with Na, Y, and Cu.......... 46
3.1Normalized electroluminescent spectra for a coactivated SrS:Cu,
Na (green)and a non-coactivated SrS:Cu(blue) ACTFEL
device.......................................................................... 54
3.2Luminance-Voltage (L-V) curves (60 Hz) for a coactivated green
and non-coactivated blue ACTFEL device.............................. 55
3.3Efficiency-Voltage (E-V) curves (60 Hz) for a coactivated green
and non-coactivated blue ACTFEL device.............................. 55LIST OF FIGURES (continued)
Figure Page
4.1EL emission spectra for (top) ZnS and (bottom) SrS:Tb ............... 66
4.2EL emission spectra for (top) ZnS and (bottom) SrS:Tm .............. 68
4.3EL emission spectra for (top) ZnS and (bottom) SrS:Dy ............... 69
4.4EL emission spectra for (top) ZnS and (bottom) SrS:Ho............... 71
4.5EL emission spectra for (top) ZnS and (bottom) SrS:Er ............... 72
4.6EL emission spectra for (top) ZnS:Dy and (bottom) SrS:Dy at
temperatures of 30, 150, 300, and 360 K ................................. 77
5.1Cu energy level diagram as free ion and in octahedral crystal field 87
5.2Emission spectrum for SrS codoped with Na, Y, and 0.2% Cu 88
5.3Emission of charge compensated SrS:Cu at various temperatures.... 89
5.4Contributionofgreen/blueemissioncentersatvarious
temperatures .................................................................. 91
5.5Ground state potential well for charge compensated SrS:Cu.......... 93
5.6Cell parameters for the solid solution SriCaS:Cu..................... 94
5.7Room temperature emission of SriCaS:Cu, Y........................ 94
5.8Concentration quenching curve of SrS:Cu, Na.......................... 95
5.9Thermal quenching of SrS:Cu,Na......................................... 97
5.10Cell parameters for solid solution SriBaS:Cu, Na.................... 99
5.11Room temperature emission spectra of SriBaS:Cu, Na.............. 100
6.1Powder XRD pattern of amorphous Zn2SiO4............................ 108
6.2Powder XRD pattern of crystalline Zn2SiO4 after hydrothermal
dehydration................................................................... 108LIST OF FIGURES (continued)
Figure Page
6.3Powder XRD pattern of SnSiO3........................................... 111
7.1XRD patterns of zinc germanate thin-films.............................. 118
7.2B-V and E-V of standard furnace annealed zinc germanate
ACTFEL devices............................................................ 119
7.3B-V and E-V of hydrothermal annealed zinc germanate ACTFEL
devices........................................................................ 120
8.1Powder XRD pattern of as-precipitated
Mg(OH)2'Mg3 Si2O5(OH)4'(H2O)........................................ 127
8.2Powder XRD patternofprecipitateafterheatingunder
hydrothermal dehydration conditions at 473K........................... 128
8.3Powder XRD pattern forMg2SiO4heated at 673 K..................... 129
8.4Powder XRD pattern of crystalline forsterite prepared at 698 K
using hydrothermal dehydration........................................... 130
8.5XRD pattern of forsterite, prepared by precipitation, hydrothermal
dehydration, and standard furnace heating............................... 131
A. 1
3+ Concentration Quenching of CeA13(B03)4:Tb ........................... 150
A.2
3+ Emission spectrum of CeA13(BOi)4:Tb ................................... 151
A.3VUV excitation spectrum ofCeA13(BO3)4:Tb3......................... 152LIST OF TABLES
Table Page
1.1CIE coordinates for phosphors in the trichromatic system............. 9
2.1Luminescent lifetimes and chromaticity values for Zni3i2GaS:Mn 44
3.1Performance comparison of blue and green SrS ACTFEL devices 56
4.1Summary of data for SrS and ZnS:Ln ACTFEL devices............... 74
5.1Summary of copper doped alkali halides................................. 92
5.2Summary of ground-state Cu position in alkaline earth sulfides 101
7.1Relative PL intensities of annealed Zn2 Ge04:Mn thin-films.......... 117
7.2Summary of Zn2GeO4 ACTFEL devices................................. 119
8.1Results from different hydrothermal dehydration temperatures 128
A.1Crystallographic data for Nd:LSB......................................... 149
A.2Atom positions for Nd:LSB................................................ 149ELECTROLUMINESCENT AND PHOTOLUMINESCENT PHOSPHOR
DEVELOPMENT AND A FACILE APPROACH TO SYNTHESIS OF
REFRACTORY SILICATES AT LOW TEMPERATURES
CHAPTER 1
INTRODUCTION
For years, the information-display market has been dominated by the
cathode-ray tube (CRT). CRT displays offer the consumer excellent color, high
contrast, and high resolution. Being a mature technology, CRTs are also relatively
inexpensive.Their bulky size, however, prohibits incorporation into smaller,
portable systems such as notebook computers.
Within the past decade, an increasing number of portable devices have
evolved to make our everyday lives easier and more enjoyable. Many of these
devices, including cellular phones, pagers, personal electronic planners, and
portable gaming systems, rely on some type of display technology to interface with
the user. Users demand high resolution, wide viewing angles, low operating costs,
and high durability in these displays. Because of these needs, chemists, materials
scientists, and engineers work closely to improve display performance through
phosphor and process development as well as device-structure evolution.
The Flat Panel Display (FPD) industry has filled the niche for portable
display applications. Presently, the largest FPD technology encompasses the liquid
crystal display (LCD). LCDs are found on virtually every notebook computer,2
making it difficult for other technologies to enter this market. There are, however,
drawbacks to LCD technology such as low viewing angles, limited operational
temperatures, and relatively high power consumption.For these reasons, many
other forms of FPDs have been developed, including field emission displays
(FEDs,) organiclight-emitting diodes (OLEDs,) electroluminescent displays
(ELDs,) and plasma display panels (PDP.)The development of phosphors for
these types of displays has not been studied as extensively as those for CRT, thus
the focus of this study is on the development of phosphors for ELD and PDP
displays. The purpose of this chapter is to give some preliminary concepts before
presenting results on the phosphor development.
Luminescence Process
Luminescence can best be described by using the configurational coordinate
diagram as shown in Figure 1.1.In this diagram, two potential wells are plotted
with energy (E) on the ordinate and interatomic distance (R) on the abscissa. The
lower and upper parabolas represent the ground and excited states, respectively, of
the luminescent center. A photon is absorbed by the luminescent center, giving rise
to an electronic transition from the lowest vibrational level in the ground state to an
upper vibrational level in the excited state (EX). At this point, nonradiative decay
or relaxation occurs, and the electron relaxes to the lowest vibrational level in the
excited state. Decay to the ground state results in the release of a photon of lower
energy than that of the exciting photon (EM). This process is called emission.E
Excited State
tA
3
AR
Figure 1.1. Configurational coordinate diagram.
R'0
The horizontal difference in position of the parabolas is equal to AR and represents
atomic displacement. Additional details can be found in theliterature.'3
Color and Light
Visible light constitutes only a small part of the electromagnetic spectrum.
The portion perceived by the human eye covers a fairly narrow band of the total
spectrum with the sensitivity ranging from approximately 380 to 780 nm.
Obviously not all human eyes react the same, so a quantitative method fordescribing color is necessary.One way to quantify color is by testing color
perception on a large number of individuals and averaging the results. This average
is termed the standard observer.
Luminosity (or sensitivity) curves are obtained by testing hundreds of
individual's response to color. A luminosity curve is a plot of spectral sensitivity
of the human eye. Obviously, it is important for the spectral output of a phosphor
to match with the eye's response. The luminosity curve for a standard observer is
given in Figure 1.2.
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Figure 1.2. Luminosity curves for CIE standard observer.The brightest part of the spectrum in the photopic range (vision under high
levels of illumination) occurs near555nm, in the green-yellow region. Under low
levels of illumination, or the scotopic range, the region of highest response is near
5 10nrn, or in the blue-green region of the spectrum. This difference in spectral
response under different illumination levels arises from the distinct receptors in the
human eye; rods are responsible for scotopic vision, while cones are responsible for
photopic.
Color perceived from a self-emitting object is typically described by its hue,
brightness, and saturation. Hue is the attribute that we denote by red, yellow, and
green, therefore hue is determined by the dominant wavelength. The degree to
which a color differs from white describes a color's saturation. Saturation provides
a description of the purity of the chromatic color.Finally, the brightness or
luminance is the attribute we use to describe the perceived intensity of light.
These attributes describe color in a qualitative manner.For scientific
purposes, a quantitative method of describing color is necessary. To do this, we
employ the CIE system developed by the Commission Internationale de I'Eclairage
(International Commission on Illumination.) It is based on trichromatic theory and
deals with three fundamental aspects of colorthe object, the light source, and the
observer. A set of tristimulus values (X, Y, Z) are used to denote quantities of
primary colors in any arbitrary sample color. One can think of these values as the
amount of blue, green, and red in a sample, although this is a simplified way of
thinking of the tristimulus values.z(X)
x(X)
350 400 450 500 550 600 650 700 750
Wavelength (nm)
Figure 1.3. Color matching functions for CIE 1931 standard observer.
The tristimulus values X, Y, Z can be calculated by using the color
matching functions given in Figure 1.3. As noted previously, these functions have
been derived by determining the average response to the human eye.Each
tristimulus value for a sample of interest is calculated by integrating the product of
the power output of the sample and the color matching function:
X= JS(A).x(,Z).d2
Y= JS(2).y(A).d2
Z=
Chromaticity coordinates x, y, and z are then derived by normalizing each of the
tristimulus values:7
x x=x+Y+z
Yy
z
x+Y+z
Since the sum of x, y, and z must equal 1, we need only consider the pair x, y,
which is commonly plotted on a CIE chromaticity diagram (Figure 1.4.) This gives
a quantitative value of color.Colors with chromaticity coordinates near the
perimeter of the diagram are regarded as being saturated.True white light has
equivalent chromaticity coordinates, i.e., x = y = 0.33.L1
[sI
0.3
0.2
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Figure 1.4. CIE chromaticity diagram.
In the display industry, the production of saturated white light is required.
On the basis of the triphosphor system, the chromaticity requirements for each
phosphor have beendetermined,6and they are summarized in Table 1.1.In
addition to the required CIE coordinates, the intensities of blue, green, and red must
be in the ratio of 1:6:3 in order to achieve a balanced white.Table 1.1. CIE coordinates for phosphors in the trichromatic system.
Coordinate Blue Green Red White
X <0.15 <0.3 >0.55 0.33
Y <0.15 >0.5 <0.3 0.33
ACTFELDevices79
Since the flat-panel display market is dominated by the LCD, alternative
flat-panel display technologies must be gauged in terms of LCD performance and
characteristics. Severaladvantagesofanalternating-currentthin-film
electroluminescent (ACTFEL) display over a conventional LCD include the ability
to pattern much smaller pixels, better performance over a wider range of
temperatures, greater ruggedness, and a wider viewing angle.Disadvantages
include larger power consumptions, lack of adequate trichromatic phosphors, and
larger driving voltages. Of these three, the most serious disadvantage is the lack of
adequate chromaticity. The main hindrance to production of full-color ACTFEL
displays has historically been the lack of a bright and efficient blue phosphor.
Recent developments, however, on a bright and efficient blue phosphor may lead to
improved full-color ACTFEL displays in the near future.'°10
Device Structure
ACTFEL devices consist of a phosphor layer, at least one insulator, an
opaque conductor, and a transparent conductor, all deposited on a substrate made of
glass or ceramic. Three general types of structures are commonlyemployed.8The
two more common types of ACTFEL structures are depicted in Figure 1.5.The
"standard" structure is given in 1.5(a). In this structure, a transparent substrate is
coated with a transparent electrode, such as tin-doped indium oxide (ITO.) The first
of two insulators is deposited on the ITO, followed by a thin film of phosphor. A
second insulator is added on top of the phosphor, and finally, an opaque conductor
completes the device. Light reaches the viewer through the transparent conductor,
as indicated in the figure.
The second structure is known as the "inverted" structure, and it also
consists of a phosphor layer encased by two insulating layers. The main difference,
however, between this and the first structure is the transparent electrode is
deposited last.Because of this, the substrate can be opaque or transparent, since
the light reaches the viewer through the top, transparent conductor, as depicted in
Fig. 1.5(b).Onaaue Conductor
Ton Insulator
Phosphor
Bottom Insulator
Transoarent Conductor
Glass Substrate
ft
Lightft
ft
Lightft
Transnarent Conductor
Ton Insulator
Phosphor
Bottom Insulator
Onaaue Conductor
Opaque Substrate
Figure 1.5 The standard ACTFEL device structure (lefi) and the inverted device
structure (right).
The choice of structure is dictated by the process requirements, limitations,
and intended applications for the ACTFEL device. The standard structure is the
most common, and it is the one used throughout this work, unless otherwise noted.
It is the preferred structure for testing purposes, because its fabrication is simpler
than that of the inverted structure. Also, the active device layers are shielded from
the viewer by the glass substrate.The inverted structure has several distinct
advantages, however, for certain applications.For instance, the use of color
filtering is easier in the inverted structure.Color filters are typically organic
polymers that are sensitive to high processing temperatures, thus incorporation of a
color filter should be the final process in manufacturing a device. By using the
standard structure, this filter would have to be placed on the glass substrate first,12
before any other layers are deposited, and thus would be subject to all subsequent
processes. Because of the way light is directed out of the inverted device structure,
glass substrates are not necessary and higher processing temperatures can be
achieved by using the inverted structure. Glass substrates begin to soften near 873
K, so if higher temperatures are needed for extended periods of time, a ceramic or
silicon substrate is used.
A third, less common ACTFEL device structure sometimes used for testing
purposes is the "one-insulator" structure.It is essentially the same as the inverted
structure, minus either of the insulators.Details of this structure and its
applications can be found elsewhere."
ACTFELOperation8'9
Since the advent of the ACTFELdevice'2in the mid-1970s, researchers
have studied their operation and it is believed that the basic operation of an
ACTFEL device is well understood. In this section basic operation of an ACTFEL
device will be summarized.
Before threshold voltage in an ACTFEL device is achieved, the electrical
characteristics of the device are equivalent to a simple capacitor. The phosphor
layer and insulating layers all have equivalent capacitances, following the formula
given for the capacitance of parallel plates:
t13
where c is the permittivity, A is the area, and t is the thickness of the layers. Since
the ACTFEL device consists of successive layers, the total capacitance is equal to
the capacitances of the individual layers in series:
Ce C.,,
Cioiai =
+ CPCjb + C., C,b
where Cis the capacitance of the phosphor layer and C1,andC1,bare the
capacitances of the top and bottom insulator, respectively. The insulators can be
modeled as a single contribution:
C.0 C,=
'
Iota
c, +
At voltages below threshold, the ACTFEL device acts as a capacitor.
Above threshold, electrons are tunnel emitted from the insulator-phosphor interface
(essentially, the phosphor layer "shorts out") where they feel the strong electric
field generated by the electric potential. This is shown schematically as process 1
in Figure 1.6.Once in the phosphor, the electron rapidly accelerates toward the
anodic interface because of the high electric field in the phosphor layer (process 2.)
The electron may eventually collide with a luminescent impurity, such as aMn2
ion, causing the ion to become excited (process 3.)Relaxation of the ion is
accompanied by either the release of a photon, or by a nonradiative phonon.
Obviously, the latter of the two processes is unwanted and should be minimized.
After impact excitation, the electron continues to accelerate toward the anode,
where along the way, it can excite other impurities.Finally (process 4,) the
electron is trapped at the phosphor-insulator interface. Since these are AC driven14
devices, the process is repeated in the opposite direction when the AC waveform
changes signs. This time, however, there are some remnants of charge left in the
phosphor that lowers the turn-on voltage for the opposite pulse. For this reason, the
turn-on voltage is always lower than the threshold voltage.
Bottom Insulator
Figure 1.6. Band structure model of an ACTFEL device.
This simple picture works well in describing the basics of ACTFEL
devices. One complication of this basic model is space charge. Space charge is
basically a polarization of the charge in the phosphor layer that arises from electron
ionization of an atom in the phosphor.Thisis sometimes called carrier
multiplication; two electrons are now present leaving a positive hole behind. The15
internal electric field of the phosphor will no longer be uniform and band bending
will occur (Figure 1.7), resulting in the formation of positive space charge.
Figure 1.7.Energy band diagram of an ACTFEL device with positive space
charge.
ACTFEL Optical Characterization
There are three important optical characteristics of ACTFEL devices: the
color or chromaticity of the emitted light, the amount of light emitted and the
amount of power required to generate the light. Color and chromaticity have been
discussed above. The other two characteristics are discussed below.
Luminance (or brightness) is defined as the luminous flux spreading
outward per steradian in a given direction per square meter of perceived surface
area.Its units are usually denoted as candela per meter squared (cdlm2.) The16
luminance of an ACTFEL device is generally measured versus the applied voltage.
A typical luminance-voltage (L-V) curve is depicted in Figure 1.8. The voltage in
increased and the luminance is measured with a photometer or photomultiplier tube
untilapredetermined maximum voltagehas beenreached.For most
measurements, the luminance at 40 volts over threshold,L40,is reported.
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Figure 1.8. A typical L- V curve for an A CTFEL device.
Since most ACTFEL devices are intended to run in portable devices, the
power consumption of the device needs to be as small as possible. For this reason,
the efficiency is measured. Efficiency (i) is essentially the amount of light emitted
per unit power and has units of lmIW. It is calculated from the following:
L 7217
where L is the luminance, P is the power density, anditaccounts for the
assumption of a perfectly diffuse surface. This last factor is included because the
desired measurement is the emitted light from all directions, and one usually only
obtains the quantity normal to the surface. Just like the L-V curve, the efficiency is
measured versus the applied voltage. A typical 1-V (or E-V) curve is given in
Figure 1.9.For consistency, the efficiency is generally reported at 40 volts over
threshold.
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Figure 1.9. Typical ii-Vcurvefor a generic ACTFEL device.
Processing of ACTFEL Devices
A thin-film can be deposited by many different methods.Thin-film
deposition can be broken down into two main categories: physical processes and
chemical processes.Some methods, such as reactive sputtering, could beIf.]
If.]
considered as a combination of physical and chemical processes.The most
common methods employed in research labs are evaporation, sputtering, and
chemical vapor deposition. These and other methods will be discussed below along
with advantages and disadvantages of each.
Evaporation'3
Evaporation is perhaps one of the simpler deposition methods. It offers the
researcher a quick, low-cost technique to deposit films of various metals. A film is
created by applying heat to the source material under vacuum.As long as a
sufficient vacuum exists, the vaporized materials will likely deposit on the
substrate. An insufficient vacuum will result in a small mean free path, whereby
the vaporized atoms will collide into gas molecules before ever reaching the
substrate. This slows down the deposition rate, and it can also lead to nonuniform
films with pinholes or other unwanted defects such as incorporation of residual
gases.
Some advantages of evaporation include high deposition rates, low energy
of impinging atoms, and the ability to produce high purity films. The deposition
rate can be estimated from the following relationship:
R-'
"vap
where R is the rate,Pvapis the vapor pressure, T is the temperature, and M is the
molecular weight of the material.For reasonable deposition rates,Pvapmust be
greater than 1-10 mtorr.19
The purity of the film depends on the pressure, therefore a low ultimate
pressure is required. This represents a disadvantage since a large amount of time
must be committed to pump down the chamber.Poor step coverage is also a
problem in evaporation. This refers to how well a film maintains uniformity as it
encounters a step, or channel, in a device.For these reasons, evaporation is
generally not used in industry, but due to its simplicity and low-cost, it is used
widely in academic research.
Resistive heating and electron-beam evaporation are the most common
techniques in evaporation.In the former, a voltage is applied to a resistive
material, such as tungsten, which then heats the source material sufficiently to
cause vaporization and produce the thin-film. For more refractory materials, it may
become necessary to use electron-beam evaporation. In this technique, a flow of
electrons is directed to the source material by using magnetic field lines. The basic
schematic the electron-beam evaporation method is given in Figure 1.10. This is
the preferred method for depositing binary sulfide materials, as will be discussed in
subsequent chapters.S
'"'DflBeam
Figure 1.10. Schematic diagram of electron beam evaporation.
Sputtering'4"5
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Another common deposition method is sputtering. Sputtering is perhaps the
most common thin-film deposition technique used in industrytoday.'6It is usually
a physical deposition method in which atoms are removed from the surface of the
source material, or target, after bombardment of particles from a glow discharge.
Advantages of sputtering over evaporation include better film uniformity, more
control of thickness and composition, and better step coverage.Disadvantages
include higher setup and maintenance costs, slower deposition rates, and a greater
chance for incorporation of impurities because of the nature of the higher operating
pressures used.21
The sputtering processisshown schematicallyin Figure1.11.A
bombarding ion collides with the surface atoms of the target, and if the ion has
sufficient kinetic energy, an atom from the surface will be dislodged.The
dislodged, or sputtered atom then traverses the chamber and deposits on the
substrate surface.
Target Atoms
Sputtered Atom
Bombarding Ion
Sputtered Atom
Figure 1.11. Schematic of the sputtering process.
Sputtering can actually occur at both electrodes (the target and the
substrate.)To prevent this from happening, the relative areas of the electrodes
must be controlled. More details can be found in theliterature,'5"7but briefly, the
ions in the glow discharge will gain all of their kinetic energy near the electrodes in
the sheath voltage. To control the sheath voltage, one simply needs to alter the
areas of each electrode.The sheath voltage therefore depends on the following
relationship:f
V,, Aa
where Va andVbrepresent the sheath voltages for each electrode, and Aa and A,,
represent the areas of each electrode. Theoretical calculations result in an exponent
equal to 4, but it has been experimentally determined to be less than 2. The smaller
the area of the electrode a, the larger will be the sheath voltage, Va.Thus, to
prevent sputtering of the substrate instead of the target, the area of the substrate
electrode must be as large as possible. This is usually accomplished by grounding
the substrate electrode to the entire chamber.
Plasma Enhanced Chemical VaporDeposition'4
Plasma enhanced chemical vapor deposition (PECVD) is another common
deposition technique. In this chemical deposition process, a thin film is formed by
reacting gas phase chemicals in the presence of a glow discharge, or plasma. The
chemicals react in the plasma, are deposited on the substrate and the excess
material is transported out of the chamber. This is the technique used to create the
top insulator in the ACTFEL devices to be discussed in subsequent chapters.
Advantages include low processing temperatures, fast deposition rate, and
good step coverage. Since this process is mainly used to create silicon containing
compounds, e.g., silicon oxide nitrides, toxic gases such as silane and silicon
tetrachioride are generally used.Another disadvantage is contamination; the23
pressures used for PECVD are generally slightly higher than those used in
evaporation, therefore residual gases can be incorporated.
Atomic LayerEpitaxy'8
Atomic layer epitaxy (ALE) is a technique used commonly employed in
industry to deposit high-quality films of ZnS for ACTFEL devices. Excellent step
coverage, high crystallinity, and low concentration of defects are a few advantages.
A couple disadvantages of ALE are the high startup costs slow deposition rates.
In the ALE method, the film is grown one monolayer at a time, commonly
employing the reaction below. The deposition of ZnS is depicted in Figure 1.12.
First, a gaseous precursor (ZnCl2) flows into the chamber, where it adsorbs onto the
substrate surface in several layers, followed by a short burst of inert gas to expel all
but a single monolayer of material.Next the second gaseous species (H2S) is
introduced, where it reacts with the adsorbed monolayer. The reaction products
include crystalline ZnS and gaseous BC!. A second blast of inert gas is introduced,
carrying away the HC1; the process is continuously repeated until the desired film
thickness is achieved.
ZnC!2 (g) + H2S (g)ZnS (s) + 2HC1 (g)24
ZnCI, in
Purge excess ZnC12
Purge excess H2S and HC1
Figure 1.12. Deposition of one monolayerofZnS by ALE.
Phosphor Development
Since the main focus of this work will be on the development of the
phosphor layer in ACTFEL devices, a brief history of inorganic luminescent
materials and their development should be reviewed.First, a general history of
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phosphors will be discussed, followed by the development of lamp phosphors,
concluding with phosphor development for ACTFEL devices.Although not
closely related to most of this thesis, the section on lamp phosphors is included
since it is the most established area of inorganic luminescent materials, its history is
well known, and some similarities between it and ACTFEL phosphors development
should become clear.
General History of Phosphors
Phosphor development is generally considered to have begun toward the
end of the
19thcentury following the introduction of equipment for the production
of electron beams, X-rays, and UV rays. General literature, however, indicates that
luminescent materials have been known for centuries. In 1948, Jorrissen suggested
that Romans might have prepared calcium sulfide phosphors as early as 186 B.C.
by heating sulfur with chalk, lime, or oyster shells. He based these findings on the
writings of the Euripides tragedyBacchae,which describes a festival where
Romans, carrying blazing torches, plunged them into the Tiber River, causing the
torches to glow without being lit onfire.19
In 1603, Vincenzo Cascariolo, an Italian shoemaker, first prepared what is
known as the Bolognian, or Bononian phosphor.He had discovered that the
material, now known to be barium sulfate, glowed in the dark after being exposed
todaylight.'9To some, this discovery is considered the origin of inorganic
phosphors.li
Lamp Phosphor Development
Although the discovery of the Bolognian phosphor seemed to arouse great
interest at the time, the equipment, methods, and materials of that time were
insufficient to fully characterize the observations.In wasn't until the late 1800s
and beyond that phosphor development really started.Becquerel, in 1867,
described how he caused a phosphor to fluoresce in an electric-discharge tube
pressured at 1-2mmHg.2°Almost three decades later, Edison filed a patent in
which he described introducing CaWO4 into a glass tube as it was being blown,
thereby coating the inside with a thin layer of phosphor.Then, using two
electrodes (no filament) to produce a discharge of residual gas, he excited the
phosphor.2' He called this a fluorescent electric lamp.
No real new developments occurred until forty years later, when in 1938,
General Electric Company in Britain announced that they had produced a set of
phosphors that coated lamps 8 feet, 6 inches in length. The phosphors Zn2SiO4
(green), CaWO4 (blue), and CaWO4 (pink) were used in three separate lamps and
combined to create whitelight.22These lamps, however, required a high-voltage
transformer to turn on, as well as the long lengths to obtain high efficiencies. Thus,
they were mainly used for advertising displays rather than for illumination. That
same year, General Electric (GE) of the United States announced that they had
developed a fluorescent lamp that could be used at low householdvoltages.2324The
lamps were also shorter in length, making it more convenient to use; this also led to
the production of the phosphor Cd2B2O5:Mn.27
The Japanese, intrigued, astounded, and quite behind in their own phosphor
research, sent researchers from Toshiba to GE to learn the technology of lamps and
phosphors. A little over a year later, Toshiba developed a white light lamp, which
used the phosphors MgWO4, (Zn,Be)2SiO4:Mn and Cd2B2O5:Mn.25 The outbreak of
World War II, however, temporarily put a halt to all Japanese research.
In 1946, the Japanese resumed phosphor research, mainly out of the need to
produce efficient lamps for attracting moths and insects as the desperate need for
providing food increased. Lamp production increased from 2400 pieces in 1947 to
140,000 pieces in 1949.25 Because of the toxicity of BeO, however, a suitable
replacement for (Zn,Be)2SiO4:Mn was needed. CaSiO3:Pb,Mn eventually replaced
(Zn,Be)2SiO4:Mn as the red (pink) lamp phosphor.26
Research in the U.S. was ongoing throughout the war. In 1942, Jenkins and
co-workers27 discovered that replacement of Cd in Cds(PO4)3C1:Mn with Ca and
doping with Sb3 resulted in efficient UV absorption and white-light production by
combining the blue emission of Sb3 and the orange emission of Mn2t They later
learned how to control the ratio of blue to orange emission, increasing the
efficiency.
28Large-scale production of calcium halophosphate phosphor began in
1951, even though it presented some unique manufacturing challenges. To obtain
consistent emission from the phosphor, strict heating regimes were required, and
controls had to be established to limit the volatility of the starting materials.
To increase the efficiency of the calcium halophosphate phosphors, several
processing improvements were made during the 1 960s, including strict control ofparticle size,29 the use of CaHPO4 as a starting material,30 and modifications in
compound stoichiometry.3' From these improvements and others, efficiencies of
the calcium halophosphate phosphors rose from -2O imIW in the 1940s to over 75
Im!W in the 1960s.25
Other improvements to the efficiency and luminous output came by adding
deeper red emitting phosphors, such as CaSiO3:Pb,Mn or (Ca,Sr)3(PO4)2:Sn.32 A
broader luminescence spectrum, providing improved color rendition, was obtained
by adding deep-blue emitting CaWO4 and deep-red emitting 6MgO.As205:Mn.33
Research continued into the 1970s with separate groups at Philips and
Westinghouse suggesting that white emitting lamps could be obtained by using the
line emission from lanthanide ions.3435 One lamp phosphor introduced by the latter
of these groups was Y2O3:Eu3, which had been developed in the late 1 960s for the
red component in color television tubes. Philips developed36 two new phosphors in
1974:MgAl1 1019:Ce,Tb and BaMg2AI16O27:Eu2t
During the 1 980s, a large increase in the number of new phosphors were
produced, including a several aluminate phosphors developed by Smets and co-
workers at Philips.3739 They obtained detailed crystallogtaphic results on many of
these aluminates, including BaMgA11O17 (BAM,) which was originally thought to
have composition BaMg2A116O27. The real composition of BAM was found to
have better mechanical properties than those of the composition BaMg2A116O27.
Today, much of the focus on lamp development is on miniaturization.40
Fluorescent lamps with narrow diameters are necessary for backlighting in liquid29
crystal displays and other handheld devices. Efforts are also being directed to the
development of phosphors exhibiting quantum efficiencies above unity,7' which
could lead to the doubling of the performance of fluorescent lamps.
ACTFEL Phosphor Development
High-field electroluminescence was first discovered byDestriau4'in1936.
He observed light emission after applying a high ac voltage to a ZnS phosphor
dispersed in oil and sandwiched between two electrodes. No effort was made to
develop a practical device until1950when the transparent conductor ITO (indium
tin oxide) was developed.During the1950sbasic research and development
focused on developing powder EL devices for lighting applications. With the use
of ITO, Sylvania produced the first ac powder EL device called Palelite.
Display applications, however, were limited by poor multiplexing ability,
low luminance, poor contrast, and significant degradation over a short period of
time.42Research in powder EL devices for display applications all but halted with
the emergence of thin-film technology. In1960,Viasenko and Popkov developed
the first thin-film ELdevice.43They observed a much greater luminance in the
yellow-emitting ZnS:Mn thin-film device with respect to the powder EL devices.
The reliability of the thin-film devices, however, was insufficient for display
applications.
Almost a decade later, Kahngreported44a new thin-film EL device using
ZnS as the host and TbF3 as the luminescent center.This was the first reported30
green EL device, whereas all other thin-film EL devices up to this point had been
obtained with the yellow-amber ZnS:Mn. This development was made possible by
the advances in electronics and material science, especially with respect to new
processing techniques and new phosphors. Reliability, however, was still a major
problem, and again, research in the field stalled.
In 1974, Inoguchi and coworkers reported that luminances of over 3400
cdlm2at 5 kHz driving voltages could be maintained for more than 10,000 hours by
using a double insulating layer device structure. This discovery triggered renewed
interest in thin-film electroluminescent device applications, especially with respect
to finding new phosphors for developing full color EL devices.
With oneexception,44research for full color EL device applications did not
take place until the 1980s. Most researchers continued to focus on ZnS, doping the
system with various alkaline earth ions such as Tm, Tb, and Sm for blue, green, and
red EL emission,respectively.457Luminance for these devices was still low, even
after improvements to the phosphors were made, such as using LnC13, instead of
LnF3 (where Ln is a lanthanide) for thedopants.48Red emission was also obtained
by using a thin-film filter of CdSSe overZnS:Mn.49
The approach to using color filters in order to obtain red, green, and blue
EL emission, however, is not desirable because of the decrease in luminance of the
emitted light. To obtain efficient color EL phosphors, many researchers abandoned
the ZnS system, turning their attention to finding new hosts and new luminescent
impurities. The first alkaline earth sulfide to be used in EL device applications was31
SrS doped with Ce,5° which was reported to be 100 times brighter than ZnS:Tm.
Soon after, many researchers were using SrS and CaS as EL phosphor hosts.5
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CaS doped with Eu was reported to be a deep red emitting phosphor with high
luminance.51 In 1997, a new blue EL phosphor was introduced based on Cu doped
SrS.54 Two years later, green EL emission was reported55 in thissame system by
adding alkali-metal coactivators.
The use of thiogallate phosphors for EL applications has also been
reported.56 In particular, CaGa2S4:Ce emits in the deep blue region of the spectrum
with high luminance.Improved luminance was obtained by substituting Sr for
Ca.57Also, in this same study,Eu2was used as the activator, giving saturated
green emission.
White-emittingphosphorshavebeeninvestigatedforELdevice
applications. By obtaining a white-emitting phosphor, full color emission can be
obtained by using appropriate color filters. To obtain a white-emitting phosphor,
Ono and coworkers used the blue-green emitting SrS:Ce and the red emitting
SrS:Eu togive whitelight.58 Tanaka and coworkers useda combination
SrS:Ce/CaS:Eu to obtain white light.596° A layered device based on ZnS:Mn has
also been demonstrated.6' While the luminance is better than those mentioned
above, the color is not a true white because of the strength of the yellow-amber
component from the ZnS:Mn emission.
Because of the relative instability of sulfide phosphors, many oxide
materials have also been examined for EL display applications. Oxide phosphors32
have potential advantages over sulfide phosphors such as greater hydrolytic
stability, ease of manufacture, and greater development.
Ga203 has been used as an ACTFEL phosphor, and it has been activated
with manganese,62 chromium,63 and europium.64 Minami and coworkers have
recently demonstrated a method for depositing Ga203 by using a dip-coating
technique.65This eliminated the need for a vacuum chamber and other expensive
deposition equipment. Miyata and coworkers have recently demonstrated a new
EL emission from Ga203 by doping the host with tin, resulting in blue emission.66
The reported luminance, however, was rather low even at1kHz driving
frequencies.
Zinc silicate and zinc germanate have received much attention as ACTFEL
phosphor materials.62'6769 Zinc germanate ACTFEL devices emit saturated green
light when activated with manganese, and they have good luminance and
efficiency.7°
This Work
The topics in this thesis concern the investigation of sulfide phosphors for
ACTFEL device applications and a novel method for creating refractory materials
at low temperatures.
In chapters 2-5, the phosphors SrS and ZnS for both electro- and
photoluminescence are described. In chapter 2, the photoluminescence results from
varying defect concentrations in SrS:Cu and ZnS:Mn are examined. In chapter 3,33
the characteristics of electroluminescent SrS:Cu devices prepared by using
electron-beam evaporation techniques are considered. In chapter 4, the hot electron
distributions are compared for SrS and ZnS by doping each with the same
lanthanide ions and examining the resulting ACTFEL emission spectra. In chapter
5, further insight into the emission of SrS:Cu is given, proposing a shallow
potential-well model to explain the differences in emission colors for different
dopants and temperatures.
In chapters 6 and 8, details are given on a new, low-cost, low-temperature
technique for producing Sn2tcontaining compounds and forsterite, Mg2SiO4. This
method may lead to low-temperature annealing techniques for producing crystalline
oxide ACTFEL devices, details of which are given in chapter 7.
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COLOR CONTROL IN SULFIDE PHOSPHORS: TURNING UP THE
LIGHT FOR ELECTROLUMINESCENT DISPLAYS
For publication in Chemistry of Materials39
Abstract
Control of defect concentration and type in the phosphors SrS and ZnS
resultsina broad range of colorsinthevisiblepart of thespectrum.
Photoluminescent (PL) data on the blue to green emitting system SrS:Cu is
presented and explained on the basis of coordination about the Cu ion.Saturated
red PL is obtained by introducing Zn vacancies into ZnS:Mn. Some preliminary
results of electroluminescent (EL) data on both systems are also presented. An
efficiency of about 1 lm/W is achieved for the green-emitting SrS:Cu, K EL device.
Introduction
Commercial flat-panel electroluminescent devices operate on the basis of
the phosphor ZnS:Mn, which gives yellow-amber emission. Despite the absence of
full-color output, the high-performance characteristics of these monochrome
displays have led to their use in a variety of niche-market applications. Of course,
a full-color device could find use in various hand held devices such as personal
organizers and notebook computers.
Two methods are currently being examined to realize full color output. In
the color-by-white method, suitable phosphors broadly emitting in the blue and
yellow portions of the spectrum are combined to produce a solid-state EL source of
white light; this light is then passed through a set of color filters.The phosphor
ZnS:Mnisunderinvestigationforthisapplication,but much improved
performance could be realized by inducing the material to luminesce at a slightlylonger wavelength. To replicate the full red, green, blue (RBG) performance of a
cathode-ray tube, efficient EL-active red, green, and blue phosphors having specific
emission colors (chromaticity) must be available. To date, such a color set has not
been demonstrated, but recently the prospects for production of a full-color EL
display have brightened considerably, following the discovery and efficient
operation of the blue-emitting phosphor SrS:Cu' and its modifications.2
In this contribution, we describe results on controlling the emission colors
of the phosphors ZnS:Mn and SrS:Cu and on the performance characteristics of
new red- and green-emitting EL devices. By manipulating the defect chemistry and
crystal properties in the stated materials, virtually any color can be specified across
the entire portion of the visible spectrum important for display applications. For
the first time, true, chromatically red emission is observed from ZnS:Mn with
Ga2S3 doping, and chromatically green emission is observed in SrS:Cu, M
(M=alkali metal) systems.
Color tuning of emission wavelengths for ZnS phosphors has previously
been accomplished by altering energy gaps of materials.For example, a
progressive increase in the concentration of Cd in the series ZniCdS:Ag (O<x<l)
leads to longer wavelength emission: ZnS:Ag, blue; Zno.68Cdo.32S:Ag, green; and
Znoi3Cdo87S:Ag, red.The emission colorisprimarily determined by the
magnitude of the band gap rather than the intrinsic nature of the dopant atom (Ag,)
and the resulting donor-acceptor emission is not EL active. In much the same way,41
quantum-size effects have been used in nanocrystalline 11-VT materials to adjust
energy gaps and affect emissioncolors.37
Various electronic and structural features can be considered for inducing a
red shift to the luminescence of Mn in crystalline ZnS while retaining potential EL
activity. From consideration of the Tanabe-Sugano diagram for thed5cation Mn2,
such a shift will be produced on increasing the crystal-field strength. Shrinkage of
the lattice and associated interatomic distances should increase the crystal field.
Such shrinkage is expected to occur by substitution of smaller or more highly
charged cations for Zn2.The only suitable isovalent cation available for this
substitution is Be2. Because of the hazards in working with Be, we elected to
examine substitutions with more highly charged ions.Al3andGa3are suitable
forthispurpose, and they provide some potential,additionaladvantages.
Substitution ofAl3orGa3for Zn2in ZnS produces cation vacancies.To
maintain charge compensation on substitution, Zn defects will be formed according
totherepresentativeformulaZnI3/2J2GaS:Mn,therebyloweringthe
coordination number of some S atoms. Such S atoms will bond more strongly to
Mn in comparison to those not associated with a Zn vacancy, producing a stronger
crystal field and a red shift in the emission.In addition, greater relaxation is
expected for the Mn-Zn vacancy-complex excited state, also leading to a red shift
in the emission.42
Experimental
For the preparation of Zni3i2GaS:Mn, stoichiometric amounts of ZnS
(Aldrich, 99.99%), Ga2S3, MnS (Cerac, 99.9%), and 5 wt% Li2CO3 (Cerac, 99.9%)
were mixed and charged in a graphite crucible and heated underAr/CS2at 1123 K
for 6 h.Ga2S3 was made in-house by dissolving Ga metal (Cerac, 99.999%) in
nitric acid, followed by precipitation of Ga(OH)3 by addition of ammonium
hydroxide. The hydrated precipitate was heated under Ar bubbled through CS2 to
973 K for 10 h.Powder X-ray diffraction (XRD) patterns were obtained on a
Siemens D-5000 diffractometer equipped with Cu Kcx radiation.
SrS:Cu was prepared by grinding stoichiometric amounts of SrCO3,
CuSO45H20 and MNO3 (where M = Na, K), and passing H2S over the sample at
1323 K for 1h.Powder XRD patterns were obtained to verify preparation of
single-phase material.
Luminescence spectra were recorded with a right-angle spectrometer. The
excitation wavelength was selected with a Cary model 15 prism monochromator,
andithe sample emission was passed through an One! 22500 1/8 m monochromator
prior to detection with a Hamamatsu R636 photomultiplier tube (PMT.) Current
from the PMT was measured with a Keithley 486 picoammeter that was interfaced
to a computer.
Luminescence decay curves were measured by using a Nd:YAG laser (pulse
width = 10 ns) equipped with a frequency mixing crystal to provide excitation at
355 nm. The emission was passed through a filter to remove the excitation light43
and detected with a PMT connected to a Tektronix digital oscilloscope (model TDS
350). Fifty waveforms were averaged for each sample.
Results and Discussion
As shown in Figure 2.1, the emission color of the ZnS:Mn phosphor can be
specifically controlled in the system Zni3i2GaS:Mn, i.e., a systematic wavelength
shift occurs with increasing Ga concentration.For samples prepared at 1123 K,
increasing Ga concentrations lead to a decrease in volume of the hexagonal cell of
ZnS from 79.5 A3 at x = 0 to 77.0 A3 at x = 0.35, the approximate solubility limit.
Luminescent decay times and chromaticity values are summarized in Table 1. The
decay curves are readily fit by single-exponential functions, and the resulting
lifetimes are consistent with direct emission from the Mn center, rather than a
donor-acceptor recombination. As seen from the chromaticity values x = 0.64 and
y = 0.36 for composition Zno.55Gao.3S:Mn, a true red phosphor can be produced in
this series. A red shift in the luminescence of ZnS:Mn has also been observed by
substitution of Zn with Al.ririi
Table 2.1. Luminescent ljfetimes and chromaticity values for Znj3i2GaS:Mn.
x Lifetime (ms) Chromaticty (x,y)
ZnS 0 0.85 0.54, 0.46
Zn085Ga02S 0.1 0.75 0.58, 0.43
Zno7Gao2S 0.2 0.83 0.62, 0.38
Zno.56Gao.3S 0.3 0.75 0.64, 0.36
x = 0.1
x=0.2
/ / / \\ \\
J\ \ \ \ ZnGa2S4
/
ZnS
/7 -
I I I
525 575 625 675 725
Wavelength (nm)
Figure 2.1. Photoemission spectra for the series Znl-3/2xGaxS:Mn (1 atom %)
Cathodoluminescence inthe system SrS:Cu has been described by
Lchmann8and results of photoluminescence measurements have been detailed by
Yamashita andco-workers.9In general, either blue or green luminescence has been
observedblue in lightly doped samples and green in heavily doped samples. On
the basis of lifetime data, short-wavelength green emission has been associatedwith isolated Cu centers, and longer-wavelength green emission with aggregates of
Cu centers.'° The blue emission has been associated with an equilibrium
occupation between excited-state levels."
Our conclusions from interpretation of the available SrS:Cu spectra data are
different.Because the Cu atoms enter the matrix in the +1 oxidation state, Cu
doping results in the formation of S vacancies. Two types of Cu sites can exist, one
without an adjacent S vacancy (six-coordinate Cu) and one with an adjacent S
vacancy (likely a five-coordinate Cu).If this is the case, we should be able to
control their relative concentration, hence, the emission color of the phosphor. This
result should be achieved by substitution of the trivalent cation in conjunction with
Cu to decrease the concentration of S vacancies, and substitution of a monovalent
cation in conjunction with Cu to increase S vacancies.350 400 450 500 550 600 650
Wavelength (nm)
Figure 2.2.Photoemission spectra for SrS codoped with Na, Y, and 0.2 atom %
Cu.
In accordance with these ideas, we have prepared SrS:Cu powder phosphors
exhibiting controlled emission wavelengths spanning the blue and green regions of
the spectrum (Figure 2.2). Importantly, these colors are achieved by fixing the Cu
concentration at 0.2 atom % and carefully adjusting the concentrations of the
codopantsy3and Na; a number of otherM3and M cations can be used to
produce the same results. On the basis of optical studies and solid-state NMR
data,'2we believe the emission color arises from distinct surroundings of the Cu
centers, i.e., likely a six-coordinate site for the blue-emitting Cu atoms and a five-
coordinate site for the green-emitting Cu atoms. Charge compensation of Cu with
anM3cation in the NaC1-type host ofSr2S2preserves a six-coordinate
environmentforthe Cuion,leadingtoa predominant blueemission.
Incorporation of a sufficient quantity of M cations, i.e., Na or other alkali-metal47
cation, leads to an increased formation of S vacancies. Cu ions distributed through
such a matrix occupy sitesassociated with thesevacancies.'3A reduced
coordination number results for the Cuions, and a green emission can be
observed. By varying the relative concentration of theM3and M codopants, the
concentration of the two types of emission centers and the resulting emission color
can be controlled. The larger breadth of the emission band peaking near505nm
(cf., Figure 2) relative to those at shorter and longer wavelengths is likely a
reflection of the bimodal distribution of the Cu atoms between the two different
types of coordination environments.
The overall effects of manipulating codopant concentrations in the systems
(Zn,Ga)S:Mn and (Sr,Y,Na)S:Cu are illustrated by the photoluminescence of
samples shown in Figure 3. Yellow to red emission is observed in the ZnS system
and blue to green in the SrS system.
A series of luminescent materials has been developed on the basis of the
two important EL hosts ZnS and SrS. For the first time, full range emission color
control has been achieved in phosphor hosts having demonstrated utility in EL
displays.While theopticalresultspresented above wereobtained by
photoexcitation of powders, we have observed the same emission characteristics in
thin-film EL devices that have been fabricated by evaporation, electron-beam, and
sputtering methods of deposition. Very thin(-5OOnm thick,) deep-red emitting
films of (Zn,Ga)S:Mn exhibit thresholds near 47 V with levels of luminance near 1
cdlm2.'4For devices containing thin-film SrS codoped with Cu and K, performanceis characterized by a luminance of 53cdlm2and a luminous efficiency of 0.97
imIW (40 V above threshold and a frequency of 60Hz.).15Color coordinates are x
0.29 and y = 0.60, indicating the attainment of a saturated green color. Insofar as
we know, the efficiency is unsurpassed by any other EL device operating in a
saturated green mode under commercially realistic conditions.
Conclusions
By controlling the vacancy concentration in SrS and ZnS, full color PL was
achieved. Saturated red emission from ZnS:Mn was achieved by substituting Ga in
the matrix. The red shift was observed by changing the crystal field around the Mn
ion.Saturated green emission from SrS:Cu, M was explained on the basis of
different Cu centersblue emission arises from fully coordinated Cu while green
emission arises from Cu ions associated with a S vacancy. EL devices for both
systems have been manufactured, resulting in emission that correlates well with the
PL reported.
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CHAPTER 3
ALKALI METAL COACTIVATORS IN SrS:Cu THIN-FILM
ELELCTROLUMINESCENT DEVICES
For publication in Applied Physics Letters51
Abstract
A unique approach for obtaining bright and efficient saturated green
phosphors for alternating-current thin-film electroluminescent (ACTFEL) device
applications is presented.The approach involves color-shifting blue SrS:Cu
ACTFEL phosphors into the green region of the spectrum via the incorporation of
alkali metal ions into the SrS lattice. Alkali metals are incorporated into the SrS:Cu
phosphors by using L1F, NaF, KF, RbF, or CsF coactivators. The best result to date
is obtained by using a KF coactivator and results in a saturated green brightness
and efficiency of 52.7cdlm2and 0.97 lm/W (at a frequency of 60 Hz and an
overvoltage of 40 V.)In addition to providing a color shift, the alkali-metal
fluorides improve the overall performance of the ACTFEL device by increasing the
magnitude of the electric field and its uniformity across the phosphor through
suppression of positive space charge.
Introduction
For several decades, the development of alternating-current thin-film
electroluminescent (ACTFEL) devices for full-color flat-panel displays has been
hampered by the lack of an efficient blue phosphor.' With the recent development
and improvement of SrS:Cu as a blue ACTFELphosphor,25this situation appears
to be changing so that the ultimate performance of first-generation full-color
commercial ACTFEL displays may actually be determined by the performance of
the green phosphor, not the blue. The purpose of the work described herein is to52
report a novel approach for obtaining a bright and efficient green ACTFEL
phosphor.
The basic idea is to begin with the efficient blue SrS:Cu phosphor system
and to add appropriate coactivators, i.e., alkali metal ions, to color shift from blue
to green. The model underlying this color shift and the procedure for selecting
appropriate coactivators via monitoring the photoluminescence (PL) of coactivated
phosphor powders is describedelsewhere.6'7Briefly, the green-color shiftis
ascribed to a self-compensation driven process in which S vacancies are formed
when Cu and alkali metal ions are intentionally incorporated into the SrS host.
These S vacancies associate with Cu luminescent impurities to form Cu-S vacancy
complexes such that the Cu coordination number is reduced.This reduced
coordination leads to green emission, whereas normal six-fold coordinated Cu
gives blue emission. The primary focus of this letter is to demonstrate that this
color-shift approach, which was first applied to shift the PL spectrum of powder
phosphors, is equally viable for shifting the electroluminescence (EL) spectrum of
thin-film phosphors.
Experimental
The ACTFEL devices employed in this study are fabricated as follows.
First, a SrS:Cu thin-film phosphor layer with a typical thickness of 800-1000 nm is
deposited onto a glass substrate previously coated with layers of indium tin oxide
and aluminum-titanium oxide, which serve as the bottom transparent contact and53
the bottom insulator, respectively, of the ACTFEL device. The SrS:Cu deposition
is accomplished by electron-beam evaporation of SrS and simultaneous thermal co-
evaporation of CuF2. Next, a thin layer of the appropriate alkali metal fluoride
coactivator (i.e., MF, where M = Li, Na, K, Rb, Cs) is deposited by thermal
evaporation over one half the sample area. Subsequently, rapid thermal annealing
of the sample is performed, typically at 1083 K for 2 mm. Finally, a top insulator
of silicon oxynitride is deposited by plasma-enhanced chemical vapor deposition,
and aluminum dots are thermally evaporated as the top contact.
Since the ACTFEL fabrication sequence involves the deposition of the
coactivator over only half of the sample area, a direct comparison of the PL and EL
performance of the coactivated and non-coactivated portions of the sample is
possible.
Results and Discussion
A comparison of the EL spectra of a coactivated SrS:Cu, Na (subsequently
denoted the "green device") and a non-coactivated SrS:Cu ACTFEL device
(subsequently denoted the "blue device") which were prepared on the same sample
substrate, is given in Figure 3.1. Note the dramatic green shift in the spectrum for
the coactivated sample. The CIE color coordinates for the coactivated sample are
CIEx = 0.32 and CIEy = 0.59, which are consistent for an ideal green phosphor.' In
contrast, the non-coactivated EL CIE color coordinates of the SrS:Cu phosphor are
CIEx = 0.16 and CIEy = 0.27, which is in the blue region of the spectrum. These54
values, however, are not quite those desired for an ideal, fully saturated blue
phosphor (CIEx = 0.15 and CIEy = 0.10.)
SrS:Cu
300 400 500 600 700 800
Wavelength (nm)
Figure 3.1.Normalized electroluminescent spectra for a coactivated SrS:Cu, Na
(green) and a non-coactivated SrS:Cu (blue) ACTFEL device.
Comparisons of the EL luminance-voltage (L-V) and efficiency-voltage (E-
V) characteristics for green and blue ACTFEL devices, each prepared on the same
sample substrate, are depicted in Figures 3.2 and 3.3.The dramatic increase in
brightness and improvement in efficiency from captivation is clearly evident from
these figures. All of the L-V and the E-V results reported herein are obtained at 60
Hz by using bipolar trapezoidal voltage pulses with 5ts rise and fall times and a
pulse width of 30 ts.rii
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Figure 3.2. Luminance- Voltage (L- V) curves (60 Hz) for a coactivated green and
non-coactivated blue ACTFEL device.
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Figure 3.3.Efficiency- Voltage (E- V) curves (60 Hz) for a coactivated green and
non-coactivated blue ACTFEL device.56
A summary of the improved luminance and efficiency results obtained to
date, with corresponding CIE color coordinates, is presented in Table 1 for each of
the five green samples codoped with alkali metal coactivator and for the blue
SrS:Cu reference. Note that all of the alkali metal atoms employed in this study,
except for Li, provided excellent color shifting so that the CIE color coordinates
correspond well with those desired for saturated green emission. We believe that
the efficiency reported for SrS:Cu,K in Table 1is equal to the highest ever
reported'for a saturated green ACTFEL phosphor operating under realistic
waveform driving conditions (40 V above threshold at 60 Hz.)
Table 3.1. Performance comparison of blue and green SrSACTFEL devices.
Phosphor L40 (cdlm2) £40 (lmIW) CIEx, CIEy
SrS:Cu 9.57 0.14 0.16, 0.27
SrS:Cu, Li 4.53 0.05 0.29, 0.56
SrS:Cu, Na 45.8 0.82 0.32, 0.59
SrS:Cu, K 52.7 0.97 0.29, 0.60
SrS:Cu, Rb 30.6 0.19 0.28, 0.58
SrS:Cu, Cs 21.6 0.14 0.29, 0.58
Some of the coactivator-induced L-V and the E-V improvement depicted in
Figures 3.2 and 3.3 and in Table 3.1 is a simple consequence of the color shift and
of the human eye's greater sensitivity to the green portion of the visible spectrum.
There appear to be other factors inherent in the coactivator processing procedure,
which also contribute to the improvement in the phosphor performance. There are57
two primary observations that point to the coactivator improvement of the phosphor
performance.
First, the coactivator treatment leads to an improvement in the phosphor
crystallinity and the diffuse reflectance. This may be deduced visually by the rather
milky appearance of the coactivated portion of the phosphor.Additionally, the
improvement incrystallinityis confirmed by x-ray diffraction.Improved
crystallinity leads to more efficient electron transport and radiative recombination
in the phosphor.The increase in diffuse reflectance improves the optical
outcoupling.
The second beneficial aspect of the coactivator treatment is that there is a
noticeable improvement in the electrical characteristics of the coactivated, green
ACTFEL device.For example, theinternal charge-phosphor field (Q-F)
characteristics8of a blue and a green ACTFEL device prepared on the same
substrate are compared in Figure.3.4. There are three important trends that should
be noted from Figure 3.4.(i) In comparison to the blue device, less charge is
transported across the phosphor of the green device (even though the luminance of
this device is greater.)(ii) Less power is dissipated in the green ACTFEL device,
as established by the fact that this Q-F curve encloses lessarea.8(iii) The steady-
state phosphor field of the green device is greater than that of the blue device(-1 .7
MV/cm versus.5 MV/cm.) This larger phosphor field leads to a more energetic
hot electron distribution, more efficient impact excitation of the Cu luminescent
impurities and hence, greater luminance. (iv) More overshoot is present in the Q-Fcharacteristicsof thebluedevice;overshootismore clearlyevidentin
corresponding capacitance-voltage (C-V) or in the transferred charge capacitance
curves (not given.) The presence of overshoot implies the existence of positive
space charge within the phosphor layer and a corresponding non-uniform electric
field across the phosphor layer.Observations (iii) and (iv) taken together imply
that the electric field is larger and more uniform across the phosphor for the green
device, which leads to greater luminance.Further details of the electrical
characterizations can be found elsewhere.'°
Conclusions
Note that our original purpose for adding alkali metal ions to the SrS:Cu
phosphor was to shift the emission color from blue to green. The fact that the alkali
metal fluorides employed lead to additional improvements in the phosphor
performance implies that these coactivators behave as "flux" agents.Other
researchers have recently used chloride flux agents to improve the performance of
ZnS:Mn ACTFELdevices.9These flux agents are incorporated into the phosphor
layer after deposition of the phosphor in a manner similar to that employed here.
Additionally, a reduction of the positive space charge and a concomitant increase in
the phosphor field has been proposed to explain the observed flux agent induced
performance improvement.
In summary, the incorporation of alkali metal ions into SrS:Cu phosphors is
demonstrated as a new methodology for obtaining bright and efficient green59
ACTFEL phosphors. In addition to providing a color shift from blue to green, the
alkali metal fluorides are found to act as flux agents that improve the ACTFEL
device performance by increasing the magnitude and uniformity of the electric filed
across the phosphor through suppression of positive space charge in the phosphor.
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CHAPTER 4
LANTHANIDE DOPING IN ZnS AND SrS THIN-FILM
ELECTROLUMINESCENT DEVICES
For publication in Journal ofApplied Physics61
Abstract
Therelativehighfieldtransportefficiencyandshort wavelength
electroluminescence (EL) potential of the phosphors ZnS and SrS for alternating-
currentthin-filmelectroluminescent(ACTFEL)deviceflat-paneldisplay
applications are assessed via a comparison of the EL spectra of ZnS and SrS
ACTFEL devices prepared in a very similar manner and doped with the same
lanthanide luminescent impurities:Dy, Er, Ho, Tb, and Tm.For all of the
lanthanide luminescent impurities studied, it is found that the higher energy EL
peaks are much more intense for SrS than for ZnS, even thought the average
phosphor field in SrS is smaller than in ZnS. These observations show SrS to be a
superior high-field electron transport material compared to ZnS. All of the ZnS EL
spectra have a dramatic cut off in their EL intensities at about 440-460nm; this
suggests that ZnS is not an appropriate phosphor for blue light emission since its
electron distribution does not appear to be adequately heated to efficiently excite
blue luminescent impurities.
Introduction
ZnS and SrS are the two most common phosphors employed in alternating-
current thin-film electroluminescent (ACTFEL) flat-paneldisplays.1To obtain
electroluminescence (EL) from these materials, the phosphor is intentionally doped
with transition metal or lanthanide luminescent impurities.Several studies have reported the EL spectra of lanthanideZnS24orSrS57
phosphors for a variety of lanthanide luminescent impurities. These studies reveal
that there are often differences in the relative peak intensities in the EL spectra of
the same lanthanide luminescent impurity, depending on whether it is present in
ZnS or in SrS. This result is somewhat surprising, especially for lanthanides whose
spectra arises from 4f-4f transitions which are well shielded from the surrounding
lattice so that crystal field effects are not expected to play a major role in
determining the luminescent spectra. Okamoto et al. point out that although some
of these differences in the EL spectra arise from differences in the branching ratios
of the emitting level, which may be attributed to the crystal field effects, there is a
distinct tendency for the higher energy lanthanide transitions to be more intense
when doped in SrS; they assert that it is unlikely that this trend is due to crystal
fieldeffects.57Rather, Okamoto et al. believe that these high energy trends are
more likely due to either the nature of the luminescent impurity excitation
mechanism (i.e., impact excitation of impact ionization8) or due to more of an
energetic hot electron distribution in SrS compared to ZnS.
The present work is a comparative study of the EL spectra of ZnS and SrS
ACTFEL devices prepared in a very similar manner and doped with the same
lanthanide luminescent impurities, namely Dy, Er, Ho, Tb, and Tm. This direct
comparison provides evidence that the electron distribution is significantly hotter is
SrS than in ZnS, even though the average phosphor field is smaller in SrS.
Moreover, the ZnS ACTFEL devices fabricated for this study exhibit very little, if63
any, positive space charge in the phosphor whereas all of the SrS ACTFEL devices
possess some space charge. Therefore, it is likely that at least part of the reason
that SrS ACTFEL devices exhibit superior high field transport properties is related
to the tendency of SrS phosphors to possess more space charge than ZnS
phosphors.Finally, the hot electron distribution in ZnS does not appear to be
sufficiently energetic to efficiently excite the luminescent impurities appropriate for
short wavelength portion of the visible spectrum, as witnessed by the fact that the
ZnS EL spectra invariably cuts off at about 480 nm, independent of the luminescent
impurity employed.
Experimental
The ACTFEL devices employed in this study are fabricated as follows.
First, a SrS:LnF3 (where LnF3 = DyF3, ErF3, HoF3, TbF3, or TmF3) thin-film
phosphor layer, with a typical thickness of 800-1000 nm, is deposited onto a glass
substrate coated with layers of indium tin oxide and aluminum-titanium oxide
which serve asthe bottom transparent contact and the bottom insulator,
respectively, of the ACTFEL device. The SrS:LnF3 deposition is accomplished by
electron beam evaporation of SrS and simultaneous thermal coevaporation of the
lanthanide fluoride.Next, rapid thermal annealing of the sample is performed,
typically at 1083 K for two minutes.Finally, a top insulating layer of silicon
oxynitrideisdeposited by plasma-enhanced chemical vapor deposition and
thermally evaporated aluminum dots are used as the top contact.Electro-opticassessment of ACTFEL devicesisaccomplishedvia
luminance-voltage (L-V) analysis and by determination of the Commission
Internationale de l'Eclairage (CIE) color coordinates with a Photo-Research PR-
650 Spectra Calorimeter.Additional electro-optic characterization involves
assessment of trailing edge (TE) luminescence which isaccomplished via
measurement of the transient luminance [L(t)] by using a Hamamatsu Photosensor
Module H5783 photomultiplier.Electrical evaluation of ACTFEL devices is
accomplished via charge-voltage (Q-V), capacitance-voltage (C-V),internal
charge-phosphor field (Q-F), maximum transferred charge-maximum applied
voltage (QmaxVmax), and transferred charge capacitance (dQmax/dVmaxVmax)
analysis.9
Results and Discussion
The EL spectra of the ZnS and SrS lanthanide doped ACTFEL devices
tested in this study are depicted in Figures 4.1-4.5.A comparison of the
normalized EL spectra of ZnS:Tb and SrS:Tb ACTFEL devices is depicted in
Figure 4.1.The most important aspect of Figure 4.1 is that the ZnS:Tb EL
spectrum exhibits an abrupt cutoff at -470 nm whereas three higher energy
transitions(5D3-7F6,5D3-7F5, 5D3-7F4) are clearly evident in the SrS:Tb
spectrum. This is evidence that the hot electron distribution is much more heated
above 47O nm (-2.64 eV) in SrS compared to ZnS. Note that the normalized ZnS
EL spectra displayed in Figure 4.1 is virtually identical to an EL spectrum obtained65
for a sputtered ZnS:Tb ACTFEL device fabricated at Planar Systems; thus, we
believe that our EL spectra are representative of the general behavior of ZnS and
SrS phosphors and are not peculiar to our method of fabrication.
A comparison of the normalized EL spectra of ZnS:Tm and SrS:Tm
ACTFEL devices is depicted in Figure 4.2. Note that the ZnS:Tm device is so dim
that is was necessary to employ a frequency of 5000 Hz in order to obtain a
measurable EL intensity.The ZnS:Tm EL spectra is dominated by infrared
emission, which peaks at about 800 nm. The ZnS:Tm EL spectrum also exhibits a
small blue emission feature, but it is much dimmer than that evident in the SrS:Tm
spectrum.5D4-*7F5
5D4-7F6
5D4-7F
5D4-7F3
I I I
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Figure 4.1. EL emission spectra for (top) ZnS and (bottom) SrS: Tb.67
Additionally, the ZnS:Tm EL film exhibits a very weak EL signal out to the high
energy detection limit of our spectrophotometer, i.e., 380 nm or 3.26 eV, but the
signal is about 100 times weaker for ZnS than for SrS. Thus, if this EL intensity
difference is ascribed to differences in the hot electron distribution, it appears that
the high energy tail of the hot electron distribution in SrS is approximately 100
times larger than for ZnS even though the phosphor field for the SrS device is 1.3
MV/cm for the ZnS device (see Table 4.1).
A comparison of the normalized EL spectra of ZnS:Dy and SrS:Dy
ACTFEL devices is given in Figure 4.3.Note that two SrS:Dy EL spectra are
included (unaged and aged for 12 h at 40 V above threshold at 1000 Hz) since this
device exhibited an unusual color shift with aging.This aging color shift arises
from a suppression of part of the high energy EL intensity during aging; the aging
mechanism giving rise to this trend is not understood at this time. The primary
point to notice from Figure 4.3 is that the intensity of the SrS:Dy ACTFEL spectral
featuresis enhanced for both of the high energy peaks (4F912-6H1512 and
4F9I2-.6H I312)as well as for the lower energy peaks (4F912-)6H1112 and 4F9i2-6H912).
Since all of these peaks have a common4F912excited state, this intensity trend is
consistent with SrS having a hotter electron distribution than ZnS. Note, however,
that the relative peak heights of the SrS spectra differ appreciably from that
observed in ZnS.350
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A comparison of the normalized EL spectra of ZnS:Ho and SrS:Ho
ACTFEL devices is given in Figure 4.4.These two EL spectra are dramatically
different. These differences arise primarily from the fact that the electrons in ZnS
are not energetic enough to excite the higher energy5F1,5G5,and5G4excited states.
Since the electron distribution in SrS is sufficiently energetic to populate these
excited states, four EL emission peaks not seen in ZnS are present in SrS (i.e.,
5G4-5I8, 5G5-5I8, 5F1-5I8, 5G4-5I6).Moreover, the weak5F3-5I8EL peak in ZnS
becomes very strong in SrS, presumably because of the much hotter SrS electron
distribution.
A comparison of the normalized EL spectra of ZnS:Er and SrS:Er ACTFEL
devices is given in Figure 4.5. The most significant aspect of Figure 4.5 is the new
EL peaks (i.e.,4G1112->411512, 2H912->411512,and some other minor peaks) present in
SrS that are not present in ZnS. Of particular significance is the fact that for SrS
the most intense peak is the4G1112-4I1512UV peak located at about 385 nm ('-3.22
eV); this suggests that the SrS electron distribution may actually peak at energies
corresponding to the UV portion of the electromagnetic spectrum.If true, it is
conceivable that the SrS electron distribution is sometimes too energetic for
optima! ACTFEL performance. Whether this is the case cannot be unambiguously
determined from the present study. Figure 4.5, however, provides very convincing
evidence that the electron distribution in SrS is much hotter than in ZnS, even
though the average fields are 1.2 and 1.8 MV/cm, respectively.5
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A summary of selected properties of these devices is given in Table 4.1.
The data in the first three columns represent, respectively, an assessment of the
relative amount of capacitance-voltage (C-V) overshoot, transferred charge
capacitance (dQmax/dVmax) overshoot, and trailing edge (TE) luminescence found in
each device.These three measurements are useful for estimating the relative
amount of positive space charge present in thesedevices.98Considerable C-V or
dQmaxldVrnaxovershoot or high TE luminescence implies that significant space
charge exists in the phosphor, hence, the electric field across the phosphor layer is
not uniform. Additionally, the existence of the TE emission is strong evidence that
the excitation of luminescent impurities occurs via a luminescent impurity
ionization process instead of impactexcitation.'°'11"6The percentages included in
the table reflect the peak of the overshoot compared to the insulator capacitance for
C-V and dQmaxldVmax measurements and the peak intensity of the TE edge
luminescence compared to the peak intensity of the leading edge luminescence.
The fourth column of Table 4.1 contains the steady-state phosphor field (F) as
estimated via Q-F analysis for an applied voltage of 40 V above threshold. is
evaluated as the constant, or nearly constant, vertical part of a Q-F curve that
occurs during the rising edge portion of the applied voltage wave form above turn-
on.9It is important to note thatis a relatively good estimate of the phosphor
field for ACTFEL devices that do not possess space charge; in contrast, for
ACTFEL devices with positive space charge,is a measure of the average
electric field in the phosphor and the cathode (anode) field is larger (smaller) than74
Finally, the last three columns of Table 4.1 include luminance (L) at 40 V
above threshold and 1000 Hz (except ZnS:Tm which is so dim that a frequency of
5000 Hz was used), and the color coordinates (CIEx, CIEy) for ZnS and SrS
ACTFEL devices doped with various lanthanide luminescent impurities.
Table 4.1. Summaiy of data for SrS and ZnS:Ln ACTFEL devices.
Phosphor C-V dQmax/dVmax TE FSS L CIECIE
Overshoot Overshoot Luminescence(MV/cm)(cdlm2) x y
ZnS:Tb None None None 1.9 23.1 0.310.59
SrS:TbSmall (10%)Moderate(60%)Yes (10%) 1.45 17.2 0.320.55
ZnS:Tm None Small (10%) None 2.1 0.7 0.270.27
SrS:TmLarge(150%)Large (100%) None 1.3 13.5 0.290.40
ZnS:Dy None None None 1.95 11.6 0.470.47
SrS:Dy None None Yes(15%) 1.45 11.5 0.340.38
(aged) None None Yes (1%) 1.4 7.7 0.430.44
ZnS:Ho None None None 1.9 4.4 0.310.63
SrS:HoSmall (30%)Moderate(60%) None 1.3 22.4 0.310.43
ZnS:Er None Moderate(40%) None 1.8 7.5 0.310.35
SrS:ErSmall (15%)Large (100%) None 1.2 35.0 0.280,58
Some interesting trends are observed from analysis of Table 4.1. First, note
that differences in the CIE coordinates of the SrS and ZnS are all consistent with
SrS ACTFEL devices having a "blue shift" in which the spectra are shifted to
higher energies. This is consistent with SrS having a hotter electron distribution.
Second, note that all of the ZnS devices have a significantly larger average
phosphor field of 1.82.1 MV/cm compared to the 1.21.45 MV/cm average
phosphor field found for SrS ACTFEL devices. Third, note that the C-V and thedQmax/dVmaxVmaxovershoot trends and the TE luminescence trends are consistent
with ZnS ACTFEL devices having very little,if any, positive space charge,
whereas all of the SrS ACTFEL devices tested appear to possess some positive
space charge. Thus, these results suggest that the electric field is more uniform in
ZnS phosphors that in SrS phosphors, since positive space charge seems to always
be present in SrS phosphors. The presence of positive space charge means that the
cathode (anode) field is significantly larger (smaller) than the average fields
reported in Table 4.1. Undoubtedly, part of the improved high energy performance
of SrS compared to ZnS ACTFEL devices is associated with the presence of this
space charge. However the very large differences seen in Table 4.1 between the
average phosphor fields of SrS and ZnS ACTFEL devices lead us to suspect that in
addition to its tendency to form more positive space charge, the high field transport
properties of SrS are superior to those of ZnS. Fourth, note that very little, if any,
TE luminescence is detected in the ACTFEL devices tested. This implies that the
luminescent impurity excitation mechanism for these devices is primarily impact
excitation,not impact ionization and thatdifferencesinthe high energy
performance of SrS an ZnS TFEL devices cannot be attributed to differences in the
luminescent impurity excitationmechanism.57Thus, we conclude, in basic
agreement with Okamoto etal.,57that the superior high energy performance of SrS
compared to ZnS is due to a more energetic hot electron distribution in SrS
compared to ZnS. Moreover, we show that at least a portion of the superior high76
energy performance of SrS arises form its tendency to more readily form positive
space charge than ZnS.
Further evidence that the EL trends are a consequence of SrS having a
hotter electron distribution than ZnS is provided by the temperature dependence of
the EL spectra. The EL spectra for ZnS:Dy and SrS:Dy ACTFEL devices at 30,
150, 300, and 360Kis given in Figure 4.6. Note in Figure 4.6(a) that the intensity
of all peaks in the ZnS:Dy ACTFEL device increase as the temperature is reduced.
Presumably this temperature-dependent trend is primarily due to having a hotter
electron distribution at a lower temperature (due to reduced phonon scattering),
although this trend is also consistent with a decrease in the rate of nonradiative
recombination at lower temperature.
Moreover, note in Figure 4.6(a) that when the high energy portion of the EL
spectra is magnified for the ZnS:Dy ACTFEL device, a high energy transition
[likely4M2112-6H1512but may also contain(I13,2, 4K1712)-*6H1512]at about 405 nm
(3.06 eV) becomes evident and its intensity also increases with decreasing
temperature. This observation shows that a very small number of hot electrons are
present in ZnS up to an energy of-3.06 eV, but that the electron distribution in ZnS
is cooler than in SrS, as evident from Figure 4.6(b) which depicts the temperature
dependence of the EL spectra for a SrS:Dy ACTFEL device.It is interesting that
not all of the peaks displayed in Figure 4.6(b) increase monotonically with
decreasing temperature; subtle aspects of these temperature-dependent EL spectra
is the subject of ongoing research.0.00 1
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Figure 4.6. EL emission spectra for (top) ZnS:Dy and (bottom) SrS:Dy at
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The main point to recognize from a comparison of Figure 4.6 is that it is further
evidence that the electron distribution is significantly hotter in SrS than in ZnS.
A very important conclusion of this study is that ZnS is not an appropriate
phosphor for blue ACTFEL applications since its hot electron spectrum is
inadequately heated to efficiently excite short wavelength luminescent impurities.
Figures 4.1-4.5indicate that the ZnS hot electron distribution cuts off at
approximately 440470 nm (-2.642.82 eV), and that the intensity of the high
energy tail decreases rapidly at energies nearing this cutoff.This cutoff agrees
quite well with high-field transport Monte Carlo simulations reported by Dur et al.,
which show that the main peak of the hot electron distribution cuts off at about 2.5
eV at a phosphor field of 2.0MV/cm.'9In contrast to ZnS, from Figures 4.1-4.5
there is no evidence for a cutoff in the SrS hot electron distribution out to the range
of our detector (380 nm or 3.26 eV).Moreover, Figure 4.1(b) and particularly
Figure 4.5(b) suggest that the SrS hot electron distribution is well populated even
out to -3.26 eV.
As a final comment, note that the luminances given in Table 4.1 for our
devices are very low compared to state-of-the-art, optimized ACTFEL devices. For
example, the luminance of true blue (CIEx = 0.17, CIEy = 0.13) SrS:Cu, Ag
ACTFEL devices has beenreported2°to be 20cd/rn2at 40 V above threshold and
of greenish-blue (CIEx = 0.26, CIEy = 0.47) SrS:Ce, Cl ACTFEL devices has been
reported to be 142cd/rn2at 50 V above threshold.2' These luminances are higher
than most of the lurninances given in Table 4.1, even though they are obtained at 6079
Hz and those given in Table 4.1 are obtained at 1 kHz. However, the primary point
of performing a lanthanide doping study is not to obtain high brightness and
efficiency, but rather to assess the high field transport potential of a given
phosphor.Monte Carlo simulation studies of high-field transport in ACTFEL
devices indicate that the hot electron distribution is primarily determined by the
basic band structure and electron-phonon properties of the bulkphosphor.'9'22'23
These studies also show that the hot electron distribution does not depend critically
on the type or concentration of defects present in the phosphor since defects give
rise to ionized or neutral impurity scattering, which is of negligible importance in
determining the hot electron distribution. In contrast, the defect properties appear
to be of fundamental importance in establishing the ACTFEL device luminance and
efficiency.Therefore, performing a lanthanide doping study is a viable way to
assess the high-field transport potential of a phosphor, even when the phosphor
luminance and efficiency are poor.
Conclusions
A comparative study of the ZnS and SrS ACTFEL device doped with the
same lanthanide impurities demonstrates SrS to be superior high-field electron
transport material compared to ZnS. At least a portion of this superior electron
transport performance is a consequence of the tendency of SrS to more readily form
positive space charge. However, the fact that the average phosphor field in SrS is
noticeablylessthan that of ZnS and the significantly better high energyperformance of all of the SrS devices tested suggests that the electron high-field
transport properties of SrS are superior to ZnS. ZnS does not appear to be a viable
ACTFEL phosphor for blue color applications since its hot electron distribution
appearstobeinadequately heatedtoefficientlyexciteshort wavelength
luminescent impurities. Finally, lanthanide doping studies, such as reported here,
appear to offer a viable way to assess the high-field transport potential of a new
ACTFEL phosphor, even when the phosphor luminance and efficiency are poor.
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LUMINESCENCE OF Cu DOPED CaS, SrS, AND BaS
For Publication in Journal of LuminescenceAbstract
The blue-emitting phosphor SrS:Cu has recently been developed for
applications in thin-film electroluminescent (EL) displays. We have demonstrated
that the same phosphor system can be used to generate the most efficient saturated
green EL devices reported to date. While this phosphor system has been studied
for more than 40 years, there remains considerable uncertainty concerning the
origins of blue vs. green emission.A new model emphasizing the structural
environment of the Cu atom in its ground state is used to account for new and
previously reported data on the SrS:Cu system.The model will be described,
extended to emission colors in other Cu-doped alkaline-earth sulfides, and used to
account for the performance characteristics of EL devices.
Introduction
Alkaline-earthsulfide phosphors have been known and studiedfor
decades.' Among these materials, the host SrS doped with Cu has been developed
as a useful phosphor. From early work, it came to be generally regarded as an
efficient green-emittingmaterial.2Later, more detailed experiments revealed that
Cu could be induced to emit either blue or greenlight.3Interest in the compound
heightened following a report on its use as a bright and stable blue-emitting
phosphor in alternating current thin-film electroluminescent (ACTFEL)devices.4
Later, efficient green-emitting devices were produced by including an alkali-metal
codopant into the phosphorlayer.5Despite the long history and numerous studieson the properties of the SrS:Cu system,considerable uncertainties remain
concerning the nature of the Cu centers that give risetovariable color
luminescence.6In this contribution, we will attempt to clarify' the nature of these
centers and suggest additional efforts that might provide further insight into this
problem.
Experimental
For all samples, unless otherwise noted, the concentrations ofCut,y3and
Na were 0.2, 1.0 and 1.0 atom %, respectively.
Preparation of CaS
Stoichiometric amounts of CaCO3 (Cerac, 99.95%), CuSO45H20 (Alfa
Aesar, 99.995%), and Y(NO3)3.6H20 (Cerac, 99.99%) were ground and heated
under a flowing stream of H2S (g) (Matheson, 99.5%) for 1 h at 1473 K. The
sample was reground and the heating process was repeated. To confirm the purity
of CaS, powder X-ray diffraction (XRD) patterns were obtained by using a
Siemens D5000 diffractometer equipped with Cu Ku radiation.
Preparation of SriBaS
Stoichiometric amounts of SrCO3 (Alfa Aesar, 99.995%), BaCO3 (Cerac,
99.9%), CuSO45H20 (Alfa Aesar, 99.995%), Y(NO3)3'6H20 (Cerac, 99.99%), and
NaNO3 (Alfa Aesar, 99.9%) were ground and heated under a flowing stream ofeI
H2S(g) (Matheson, 99.5%) for 1 h at 1323 K. The samples were reground and
reheated under the same conditions.Powder XRD patterns were obtained, cell
parameters were refined with the computer program Celiref.
A concentration quenching curve was obtained for SrS:Cu,Na by holding
the concentration of Na constant at 2%, varying the Cu concentration from 0.005%
to 0.75%, and measuring the relative intensity of each sample.
Room-temperature emission and excitation spectra were obtained by using
procedures describedelsewhere.7Low-temperature spectra and thermal-quenching
curves were obtained by using a liquid nitrogen cooled cryostat Conductus LTC- 10
temperature controller.
Emission lifetimes were collected at room temperature and 77 K by using a
1 0-ns laser pulse at 266 nm that was produced by frequency quadrupling the 1064
nm laser emission of Nd:YAG.The data were collected and the lifetimes
determined by using a method describedelsewhere.8
Results and Discussion
Cu atoms enter substitutional sites in the rock-salt structure of the alkaline-
earth sulfides as formally Cu'ions. As such, the lowest-energy absorption and
emission processes are associated with transitions between the ground state 3d104s°
and excited state 3d94s' electron configurations. If the Cu atoms simply substitute
onto a cation site having Oh symmetry, the free-ion terms will split according to the
energy-level diagram depicted in Figure 5.1. The primary emission will then resultfrom a transition between the lowest excited state3Egand the ground state'Aig.
From symmetry considerations,this relaxationisallowed through vibronic
coupling, so the transition is temperature sensitive, and the resulting emission band
is broad.
3d94s'
3d'°
1 2g
3-'-
1 2g
1Eg
3Eg
'A1g
Figure 5.1. Cu energy level diagram as free ion and in octahedral crystal field.
Two important considerations, however, complicate this simple picture.
Since the Cu atoms enter the SrS matrix as +1 cations, some type of charge
compensation must be present. In addition, motional behavior of Cu in rock-salt
structures, notably the halides, has been examined in considerabledetail.9When
substituted onto a large site, the Cu ion can move out of the center of the site,
creating an off-center potential. For Cu substituted in SrS, the relevant radii are+ 2+ + r(Cu) = 0.096 nm and r(Sr) = 0.112 nm. As the Cu cation is considerably
smaller than theSr2cation, an off-center displacement might be expected to occur.
Other than our own recent contributions, the effects of charge compensation have
not previously been considered in the context of Cu emission in this system;
likewise, the effects of an off-center displacement on the emission properties of Cu
have not been examined.
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Figure 5.2. Emission spectrum for SrS codoped with Na, Y, and 0.2% Cu.
The compositions of the phosphor samples in this work have been prepared
in such a way as to provide control over the emission color; examples are given in
Figure 5.2.In controlling the emission color, we hope to be able to better
understand the nature of the emission centers. By providing charge compensation
through incorporation of a +3 codopant, e.g.,Y3or La3, or a 1 anion, e.g., C1, a
predominantly blue emission is observed(cfFigure 5.2.)By incorporating +1alkali cations, e.g., Na or K, the material can be dressed with S vacancies, and the
resulting material exhibits a saturated green emission(cfFigure 5.2.)Itis
important to realize that these emission colors are largely independent of Cu
dopant concentrations.For example, SrS doped with concentrations of Cu and
La3as high as 1 at% exhibit an emission band nearly indistinguishable from the
blue-emission spectrum (0.2% Y3) of Figure 5.2. This result contrasts to previous
findings on uncompensated samples wherein green emission is observed for Cu
concentrations approximately an order of magnitude lower, i.e., 0.1 at%.'° We also
note that the emission band of the Nat- and K-doped samples is also largely
independent of the Cu concentration.
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Figure 5.3. Emission of charge compensated SrS:Cu at various temperatures.,1I1
On cooling the blue-emitting materials, the peak of the emission band is
observed to shift from the blue to the green portion of the spectrum (Figure5.3.)
The ratio of the green to blue bands is plotted as a function of temperature in Figure
5.4.Similar findings have been reported for uncompensatedpowders8andfilms.6
On cooling the green-emitting Na and K-doped samples, essentially no change in
the emission spectrum is observed and only limited thermal quenching is evident.
From these results, it would appear that predominantly three different types of Cu
luminescent centers are responsible for the observed luminescence: an on-center
position, a shallow off-center position, and a deep off-center position.
On the basis of lifetime data and the relative strength of the excitation
transition 1Ag+1Eg, it is generally agreed that the green emission band resulting
from cooling the room-temperature blue-emitting samples is associated with an off-
center position of the Cuion.6'8Our results on the charge-compensated samples
are similar to those reported previously. We observe a moresignificant 1Ag*1Eg
excitation signal on cooling and a single-exponential lifetime of 77 j.ts at 80 K.
Each of these results is consistent with an off-center positioning of the Cu ion and
the results of previous reports.91
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Figure 5.4. Contribution of green/blue emission centers at various temperatures.
The nature of the high-energy blue-emitting species, however, has not
clearly been delineated. Some consideration has been given to its assignment as
the on-centerposition,6although greater emphasis has been placed on a two-level,
excited-state model6" wherein the excited3Eglevel is split into T2g(higher energy)
and T,g(lower energy) levels. On heating samples from 80 K, it is proposed that
theT2glevel becomes thermally populated and the Stokes shift is subsequently
reduced because of the thermal expansion of the lattice, resulting in a change of
emission color from green to blue.
We favor a different model that is consistent with the off-center, on-center
models that have been proposed for Cu in alkalihalides.7Some of the results that
have been observed for these halide matrices are summarized in Table 5.1. From
detailed spectroscopic studies, it has been established that Cu substitutes cleanly92
for Na in NaCL by occupying the center of the substitutionalsite.6"2Because of the
larger cation-anion distance in NaBr, however, a so-called shallow potential well,
off-center Cu position dominates at low temperatures.For KC1, the long K-Cl
distance provides a site that is too large for the Cu ion. As a result it occupies a
deep potential, off-center position that is characterized by spectroscopic properties
that differ significantly from those expected for Cu in a site having Ohsymmetry.'3
From comparison of the Sr-S distance, 0.300 nm, with those of the alkali metals,
we would expect Cu in SrS to behave similar to that of Cu in NaBr, where the
Na-Br distance is 0.298 nm.
Table 5.1. Summary of copper doped alkali halides.
System M-X distance (nm) Ground-state Cu position
NaC1:Cu 0.282 on center
NaBr:Cu 0.298 shallow off center
KC1:Cu 0.3 14 deep off center
Considerable evidence exits for such a shallow, off-center position of Cu in
SrS at low temperatures and an on-center position at high temperatures.We
believe all of the available data on this system are consistent with blue emission
from an on-center Cu position and green emission from an off-center position. The
relevant free-energy diagram for this displacement is diagrammed in Figure 5.5.
On cooling blue-emitting samples, a greater occupation of the lower-energy, green-
emitting site occurs. The displacement and attendant local distortion of the site93
leads to an increased oscillator strength. The increase in the Cu-centered excitation
band (formally 1Ag'Eg) on cooling, as we and others haveobserved,6is consistent
with the displacement.In addition, the measured lifetime, 110 j.is, for the blue
emission (460 nm) at 80K,6is longer than that, 80 ts, for the green emission (530
nm) at 80 K. These lifetimes indicate independent excited states rather than the
equilibrium model involving transitions (blue and green) from the excited state.
More detailed studies, however, should be conducted to verify these results.
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Figure 5.5. Ground state potential well for charge compensated SrS: Cu.6.05
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If there is an activation energy associated with the on-, off-center model
(Figure 5.5,) a first-order phase transition would be anticipated at a critical pressure
and temperature.The ratio of the green to blue emission bands (Figure 5.4)
provides a result that is consistent with such a transition. The characteristics of this
plot change rather dramatically near a temperature of 100 K, and this temperature
corresponds to the central barrier height between the on- and off-center positions.
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Figure 5.8. Concentration quenching curve of SrS:Cu, Na.
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Unlike the changes in emission behavior that are observed in the charge-
compensated materials, the green emission of the alkali-metal codoped samples
persists from 80 to 298 K. The position of the emission band is also independent of
Cu concentration, allowing the measurement of the concentration quenching curve
(Figure 5.8.) Like the blue-emitting samples, the optimum brightness is observedat a dopant concentration near 0.2 at%. We have further found that this emission
exhibits only modest thermal quenching (Figure5.9,)the measured luminescence
lifetime at 80 K is 12ts.This lifetime is comparable to the15-psvalue that is
observed in conjunction with the 80-ps value in the uncompensatedpowders3and
films.6From the concentration dependence of Cu emission in SrS, this emission has
been associated with the presence of Cupairs.3On the basis of our measurements,
which indicate concentration-independent behavior, we assign this emission to a Cu
center that is associated with a S vacancy. In effect, it is a very deep off-center
position that is stabilized by the presence of the vacancy. It is readily observed in
our powder samples because of the high concentration of alkali-metal cations and
generated S vacancies. For the uncompensated powders and films, samples lightly
doped with Cu contain fewer S vacancies. As a result, the Cu occupies sites
either with or without the vacancy, and this leads to the double exponential
behavior of the emission in the green at low temperatures that has been observed by
others, i.e., the long lifetime is associated with the shallow off-center position and
the short lifetime with the deep, off-center vacancy association.97
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Figure 5.9. Thermal quenching of SrS: Cu,Na.
One of the unique characteristics of the off-center, on-center displacement
behavior is the response to pressure. By increasing the pressure on a material
exhibiting an off-center displacement, the lattice parameter can be decreased and
the ion forced back onto the centerposition.7Relative to Figure 5.5, the well
associated with the off-center position becomes shallower with increasing pressure,
leading to its destabilization with respect to the on-center position. These effects
can be observed either by applying direct pressure or by decreasing the lattice
parameter through appropriate chemical substitutions.In the SrS:Cu system, the
lattice parameter can be decreased by substituting Ca for Sr in the solid-solution
series SriCaS. This series has previously been examined in bothpowders8and
thinfilms,14and we have reproduced these results. A plot of the cell parameters
according to stoichiometry is depicted in Figure 5.6, indicating a true solid solutionin the system.As shown by the emission behavior in Figure5.7,a gradual
diminution of the Cu green luminescence component is observed with increasing
Ca concentration. Previously, the green luminescence component in the Ca poor
samples has been associated with an inhomogeneous distribution of Ca and Sr
atoms in the solid solution, i.e., some regions of the samples have been assumed to
be rich in Ca and other regions rich inSr.8"2This model implies a phase
segregation for the (Ca,Sr)S samples, although no evidence for strain or such
segregation is evident from the peak widths of the X-ray diffraction patterns; the
system is better represented as a true solid solution. We believe the decrease in the
contribution of the green component tothe emission with increasing Ca
concentration is merely a reflection of the decreasing lattice parameter and a
destabilization of the off-center Cu position. The net result is a single, on-center
emission center at high Ca concentrations.
We have demonstrated that increasing the pressure of the Cu ion in the SrS
lattice, i.e., reducing the unit-cell volume by substitution of Ca for Sr, leads to
destabilization of the off-center position (Figure 5.5.)Conversely, by decreasing
the pressure of the system, i.e., substitution of Ba for Sr, we can expect the system
to exhibit a deep off-center position. The solid solution Sr,BaS was synthesized
and powder XRD patterns were obtained. The cell parameters are plotted in Figure
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Figure 5.10. Cell parameters for solid solution SrjBaS:Cu, Na.
The room temperature emission spectra are depicted in Figure 5.11. Since
the Ba-S distance is large (0.312 nm,) one would expect BaS to behave similarly to
KC1, where the K-Cl distance is 0.314 nm.1.2
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Figure 5.11. Room temperature emission spectra of Srj.BaS: Cu, Na.
The lifetime of BaS:Cu is -6 iis at 300 K, and 7 ts at 77 K. These short
lifetimes are consistent with the Cu ion occupying a deep off-center position.
Piccirilli and Spinolo measured the lifetime of KC1:Cu and observed a similar
trend, that is, the lifetime is somewhat temperature independent from room
temperature to 80K.'5
A summary of the relative Cu ground-state position in alkaline earth
sulfides is given in Table 5.2.101
Table 5.2. Summary of ground-state Cu position in alkaline earth sulfides.
System M-S distance (nm) Ground-state Cu position
CaS:Cu 0.284 on center
SrS:Cu 0.300 shallow off center
BaS:Cu 0.3 12 deep off center
Conclusions
We have introduced a new model to account for new and previously
reported data on the SrS:Cu system. By examining the solid solutions with Ca and
Ba, the emission and excitation spectra, and the lifetimes at different temperatures,
we have concluded that there are three ground-state Cu positions: an on center
position, a shallow off center position, and a deep off center position.These
correspond well with the results reported for the Cu doped alkali halides.
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CHAPTER 6
HYDROTHERMAL DEHYDRATION: A CONVENIENT SYNTHESIS
METHOD FOR SOLIDS
For publication inInorganic Chemistry104
Abstract
A simple, low-temperature method has been developed to produce
crystalline oxides from hydroxylated precipitates, obviating the need for firing
several hundred degrees above the dehydration temperature.The compounds
Zn2SiO4 and SnSiO3 are readily prepared in crystalline form by using this
technique.
Introduction
Among reactionsin aqueous solutions, most chemists are generally
introduced first to the precipitation reaction. In many cases, these reactions can be
readily executed to produce simple anhydrous, crystalline solids with formulations
ranging from BaSO4 to Pb12.As such, precipitation can be considered to be a
convenient, low-temperature synthesis method.Success in the production of an
anhydrous, crystalline product, however, rests on the feeble acidities and basicities
of the aqua ions involved in the reaction. If the values of the hydrolysis constants
PKaand pKb of the aqua ions are sufficiently small or negative, extensive
hydrolysis occurs, and the solid precipitates as a hydroxo species.Attempts to
dehydrate such products at modest temperatures invariably lead to the production
of undesirable, amorphous products. Of course, these products can subsequently be
crystallized by heating at temperatures of a few to several hundred degrees above
their dehydration points.To achieve truly low-temperature preparation of
materials, a variety of procedures, including sol-gel' and hydrothermal methods25105
have been devised and adapted for the production of crystalline solids. Sol-gel and
related techniques generally involve multiplesteps,varying thelevels of
complexity, and moderate to high reagent costs.
The production of an amorphous material in the drying process of a
hydrated, hydroxo precipitate is associated with the kinetic stabilization that occurs
in the absence of nucleation centers.After all, the thermodynamically favored
products in these systems are generally the crystalline inorganic material and water.
To prevent the formation of an amorphous product, the dehydration process should
be done under conditions that provide and opportunity for nucleation and grain
growth. As we describe here for the preparation of crystalline Zn2SiO4 and SnSiO3,
this result can be achieved by conducting the dehydration under hydrothermal
conditions at temperatures near 398 K and lower.
Experimental
The synthesis method for each material is described below. The Teflon-
lined reaction vessel (Parr Instruments) has a capacity of 23 mL. In each case, no
additional water was added to the vessel.
Zn2SiO4
1.79 g of ZnSO4H20 (Aldrich, 99.9%) and 0.92 g of Na4SiO4 (Alfa-Aesar,
reagent grade) were each dissolved separately in 20 mL of deionized H20. A
precipitate forms on mixing these solutions; the resulting mixture was stirred and106
heated (338 K) for 30 mm. The wet, white precipitate was collected by filtration
and immediately placed in a Teflon-lined high-pressure reaction vessel at 423 K for
12h.The resulting product was a dehydrated,finecrystalline powder;
approximately 1 mL of clear water was present in the Teflon container, completely
separated from the powder.
SnSiO3
Sn2is unstable in air, so all preparations were completed under flowing
N2(g). 0.92 g of Na4SiO4 were dissolved in 20 mL H20. 1.25 g of CuSO45H20
(Alfa-Aesar, 99.999%) were dissolved in deionized H20. 3 g of Sn metal (Cerac,
99.8%) were added to the copper solution and allowed to stir under N2 for 30 mm.
The SnSO4 (aq) solution was filtered (to remove the precipitated Cu metal) such
that the mother liquor was added directly to the Na4SiO4 (aq) solution.This
precipitate was stirred under bubbling N2 for 30 mm then filtered and added to the
reaction vessel. The precipitate was heated at 478 K for 12 h.
Powder XRD patterns were obtained for Zn2SiO4 using aPhillips
diffractometer equipped with Cu Ka radiation.Powder patterns for the SnSiO3
were obtained using a Siemens D5000 diffractometer equipped with Cu Kc
radiation.107
Results and Discussion
Zn2SiO4
Zn2SiO4 is a common phosphor host, and its preparation by both low- and
high-temperature methods has been extensivelystudied.6'7On mixing solutions of
ZnSO4(aq) and Na4SiO4(aq), a precipitate forms.SincepKbfor Si044(aq) is
approximately 8, extensive hydrolysis occurs and the precipitate is expected to be
a hydroxylated product. Dehydration of this material in air at 473 K leads to the
production of an amorphous product, as indicated in Figure 6.1. The broad peak in
the X-ray diffraction pattern is indicative of an amorphous product.If the
precipitate, however, is collected by filtration and placed in a Teflon-lined high-
pressure reaction vessel at 473 K for 12 h, a highly crystalline product is formed.
As observed in Figure 6.2, the product is crystalline. The sharpness of the X-ray
diffraction (XRD) lines is consistent with the high crystallinity of the sample. In
fact, on opening the reaction vessel, small beads of clear water are completely
separated from the fine white powder.10 20 30 40 50 60
two theta
Figure 6.1.Powder XRD pattern of amorphous Zn2SiO4.The broad peak is
indicative of an amorphous material.
10 20 30 40 50 60
two theta
Figure 6.2.Powder XRD pattern of crystalline Zn2SiO4 afler hydrothermal
dehydration. Tick marks represent reported peaks from the JCPDF.109
Since it is well known that Zn2SiO4 can be prepared by a variety of low-
temperature methods, these materials do not provide a rigorous test of the
hydrothermal dehydration method. The preparation of Sn2 compounds represents
a better case study.
SnSiO3
The general solid-state chemistry of oxides that contain Sn2is largely
undeveloped, in part, because of the disproportionation reaction that occurs on
heating SnO:
2 SnOSn +Sn02
Here, a general low-temperature synthesis method could provide an attractive
means for the development of a more extensive knowledge of oxide chemistry of
Sn2. In their original assessment of the phase diagram, Slonimskii and Tseidler
characterized the system SnO-Si02 as a simple eutectic,i.e., no compound
formation wasdetected.9Later, Carbo-Nover and Williamson annealed the glass
composition 1 SnO: 1 Si02 and produced small crystalline spherullites embiggened
in the glass matrix.These were determined by electron microprobe analysis to
havethesamecompositionastheglass,i.e.,SnSiO3.'° Duetothe
disproportionation of SnO, heating these mixtures is obviously not a practical
synthesis route.
A precipitation reaction involving Sn2(aq) and Si044(aq) would offer a
low-temperature route to the production of a crystalline product, but the small110
values of pK associated with the aqua ions results in the precipitation of a
hydroxylated product.Attempts to dehydrate the precipitate under normal
conditions lead to amorphous products. If the hydrothermal dehydration technique
is utilized, however, a well-crystallized product is obtained.The XRD powder
pattern (Figure 6.3) exhibits diffraction peaks consistent with those previously
reported for SnSiO3.'° Importantly, no reaction is observed by direct interaction of
SnO and Si02 at various pH levels under the same hydrothermal conditions. This
indicates that hydrothermal dehydration is a convenient method for producing
oxides containing Sn2 at relatively low processing temperatures.
We have recently produced single crystals of the tin silicate by a low-
temperature vapor transport method. The crystal structure of this phase as well as
some more generalconsiderationsandapplicationsof thehydrothermal
dehydration of precipitates to the production of powders, thin-films," and
luminescent materials will appear in forthcoming contributions.111
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Figure 6.3. Powder XRD pattern of SnSiO3. Tick marks represent peaks reported
in the JCPDF.
Conclusions
Zinc silicate, Zn2SiO4, has been prepared at low temperatures of 398 K by
hydrothermal dehydration of the precipitate. Allowing the precipitate to dehydrate
under non-equilibrium conditions (i.e., oven drying without the use of a high-
pressure vessel), results in the formation of an amorphous precipitate. By using
this method, tin silicate, SnSiO3, has been synthesized at temperatures below 400
K.Due to the disproportionation of Sn2caused by conventional synthetic
methods, hydrothermal dehydration provides a low-temperature alternative for
makingSn2containing compounds.112
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CHAPTER 7
PHOTO- AND ELECTRO-LUMINESCENCE OF ZINC GERMANATE
ACTFEL DEVICES
For Publication in Applied Physics Letters114
Abstract
Manganese-doped zinc germanate and silicate powders exhibit bright green
photoluminescence with excellent chromaticity, affording a variety of applications
in displays and lighting. A large number of high- and low-temperature methods
have been developed for the synthesis of Mn:Zn2SiO4.In this contribution, we
describe a very simple, low-cost method for the production of Zn2SiO4 and
Zn2GeO4 at low temperature.We also describe methods for generation of
crystalline, luminescent Mn-doped films at temperatures as low as 398 K.
Sputtered zinc germanate thin films generally require annealing temperatures near
873 K to obtain optimal ACTFEL device performance.Recently, we have
developed a unique process methodology that yields crystalline zinc germanate and
silicate powders at temperatures as low as 398 K. Electroluminescence from these
films will be compared with those prepared by conventional sputtering techniques,
which have recently yielded a brightness of over 100 cdlm2 at 40 volts above
threshold (60 Hz) and CIE coordinates of x0.3 and y0.6, indicating saturated
green emission.
Introduction
Among reactions in aqueous solution, most chemists are generally first
introduced to the precipitation reaction. These reactions can be a convenient, low-
temperature method to produce a crystalline material. Whether or not the product
is crystalline, however, depends on the relative acidities and basicities of the115
aqueous ions in solution. If the values of the hydrolysis constantspKaor pKb are
sufficiently small or negative, extensive hydrolysis will occur, and the solid will
precipitate as a hydroxo species.
Take for example, the reactions used to form SnWO4 and PbWO4;pKafor
the Sn2(aq) ion is 3.4 versus 7.7 for Pb2(aq). From this, we would expect the
SnWO4 to precipitate as a hydroxylated and amorphous species whereas the
PbWO4 should precipitate as an anhydrous, crystalline product. These predictions
are easily confirmed by performing the reactions at neutral pH, drying the products
in air, and obtaining X-ray diffraction (XRD) powderpatterns.1
An amorphous precipitate can be made crystalline by placing the
hydroxylated precipitate in a Teflon lined reaction vessel at 473 K for four hours.
This process is called hydrothermal dehydration and allows the product to dry
under equilibrium conditions, allowing for nucleation and grain growth of the
crystalline product. No additional water is added; in fact, on opening the reaction
vessel, small beads of clear water are found completely separated from the
remaining powder.
Zinc silicate is a common phosphor host, and its preparation by both low-
and high-temperature methods has beenstudied.2'3On mixing solutions of
ZnSO4(aq) and Na4SiO4(aq), a precipitate is formed. Since pKb for the Si044(aq)
is 8, extensive hydrolysis occurs. Drying this product in air at 473 K results in an
amorphous product. If the hydrothermal dehydration technique is used, however,
the product is crystalline.116
Since sputtered zinc silicate and germanate films are amorphous; a similar
technique can be used to grow crystalline films at temperatures as low as 398 K.
When this low-temperature technique is optimized, it could have a significant effect
on the processing conditions of oxide ACTFEL devices.
Experimental
Approximately 8000Aof zinc germanate were sputter-deposited onto four
glass substrates previously coated with a transparent conductor (ITO) and an
insulator (ATO.)Four different anneals were performed: (1) standard furnace
anneal at 873 K for 4 h, (2) furnace anneal under steam at 873 K for 4 h, (3) rapid
thermal anneal (RTA) at 873 K for two minutes, and (4) hydrothermal anneal at
398 K for 4 h. ACTFEL devices were completed by adding SiON and Al as the top
insulator and conductor, respectively.
Results and Discussion
Results of the different annealed samples are quite surprising, especially
when comparing the PL to the EL intensities. On the basis of the PL data (Table
7.1) of the different annealed samples, one would think that this hydrothermal
annealing technique would be a suitable, low-temperature technique for producing
oxide ACTFEL devices.117
Table 7.1. Relative PL intensities of annealed Zn2GeO4:Mn thin-films.
Sample Relative Intensity (%)
Furnace (873 K, 4 h) 100
Steam (873 K, 4 h) 98
RTA (873 K, 2 mm) 25
Hydrothermal (398 K, 4 h) 80
In comparing the XRD data for the various annealed films (Figure 7.1), note
that the crystallinity of the hydrothermal annealed thin-film is much greater than
the others.TheB40values (Table 7.2) for the ACTFEL device annealed in a
standard furnace, however, indicate that this might be the ideal annealing condition
for zinc germanate films.118
RTA 873 K
IFurnace873K I
IHydrothermal 398 K
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Figure 7.1. XRD patterns of zinc germanate thin-films.
The brightness vs. voltage (B-V) and efficiency vs. voltage (E-V) curves for
the furnace annealed and hydrothermal annealed thin films are depicted in Figures
7.2 and 7.3.All data is summarized in Table 7.2.Although the relative PL
intensities for the furnace and hydrothermal annealed films are comparable, the
luminances of the respective ACTFEL devices are quite different.119
Table 7.2. Summary of Zn2GeO4 ACTFEL devicesall devices characterized at 60
Hz driving voltage except Hydrothermal anneal, which was carried out at 1 kHz.
Sample B40 (cd/rn2) B40(lm!W)
Furnace (873 K, 4 h) 105 0.33
Steam (873 K, 4 h) 85 0.42
RTA (873 K,2min) 60 0.21
Hydrothermal (398K, 4 h) 0.76 0.02
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Figure 7.2. B-V and E-V of standard furnace annealed zinc germanate ACTFEL
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Figure 7.3. B-V and E-V of hydrothermal annealed zinc germanate ACTFEL
devices.
We have noticed that if the standard furnace annealed thin-films are held in
the furnace longer than 4 hours, the crystallinity increases and the ACTFEL device
performance is similar to that of the hydrothermal annealed device. On the basis of
the milky white appearances of each of the thin films, and the "spottiness" of light
coming from the devices, we believe this is due to the high crystallinity of the film.
During the anneal, tremendous grain-growth occurs causing islands of zinc
germanate, rather than a homogeneous coverage. These islands may also act as a
wave-guide causing light to exit at an angle.
Conclusions
We have developed a low-temperature method - hydrothermal dehydration -
for production of zinc silicate and germanate powders.This method has been121
modified and adapted for ACTFEL materials such that as-deposited thin-films are
annealed at temperatures as low as 398 K.The PL intensity for the low-
temperature method was quite high - 80% of the furnace annealed sample. To date,
the technique, however, has led to milky films and poor ACTFEL performance.
The same performance has been observed for standard furnace-annealed samples
that remain at 873 K for longer than 4 hours. These observations lead us to believe
that the poor performance of the devices results from formation of large grains in
the film. With some modifications in the processing conditions, we expect to attain
improved device performance by using this low-temperature technique.
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CHAPTER 8
LOW TEMPERATURE SYNTHESIS OF FORSTERITE BY
HYDROTHERMAL DEHYDRATION
For publication in Journal of Solid-State Chemistry123
Abstract
Forsterite,Mg2SiO4,ispreparedbyanontoxic,low-temperature
hydrothermal dehydration technique. By carefully heating the precipitate from the
reaction of Mg(NO3)2(aq) and Na4SiO4(aq), crystalline forsterite can be obtained at
temperatures as low as 698 K.
Introduction
Research interest on Mg2SiO4,forsterite,involves many disciplines,
including geology, biology, and chemistry. It is important in geochemical reactions
involving the formation of crystallinebasalt.1Biologists have studied the natural
crystallization of forsterite, as it occurs by biomineralization from bacteria in the
mountains of South Africa.2 It has many commercial uses, including a scratch-
resistantcoating,3an anti-reflectioncoating,4 and perhaps most importantly, a
solid-state, tunablelaser.5Traditional, solid-state syntheses of forsterite have
proven difficult because of the large difference in melting points of MgO and 5i02.
To circumvent these problems, chemists have developed many techniques,
including specific heat treatments with intermittentgrindings,6coprecipitation with
SiC14,7and various sot-gelmethods.8"
Thetraditionalsolid-statesynthesisofforsteriteinvolvesheating
stoichiometric mixtures of the oxides MgO and Si02.It is difficult to prepare
single-phase material because of the high stability of MgO and Si02, their
unreactivity, and their considerable difference in melting points, 3125 and 1973 K,124
respectively.Forsterite melts at 2183 K, therefore conventional synthesis
temperatures must be at or above 1900 K.Slightly lower synthesis temperatures
were reached by using intermittent grinding of theoxides.'2 By adding water in the
grindingstep, Temujin and co-workers were ableto lower thesynthesis
temperature to 1163 K.'3
Researchers have examined even lower temperature techniques, such as the
soT-gel method, to produce crystalline forsterite.In the sol-gel method,'4 a
colloidal routeisused to produce inorganic oxides or ceramics, with an
intermediate stage that includes a sol andlor gel state.A sol is a colloidal
suspension of solid particles in a liquid. For it to exist, the particles in the liquid
must be small enough such that the atomic dispersion forces are greater than the
gravitational force exerted on the particles. A gel is a porous 3-dimensionally
interconnected solid network. An appropriate set of precursors is combined to form
a sol and the gel is formed after evaporation of the liquid.Precursors generally
involve metal alkoxides, M(OR), such as Mg(OCH3)2 and Si(OC2H5)4 or metallic
salts, MX, such as MgCl2 and Mg(NO3)2.
Preparation of forsterite by using the above precursors as well as silicon
tetrachioride has beendemonstrated.8'9Obviously, these experiments need to be
done under inert, controlled conditions because of both the toxicity of the starting
materials and the relative hydrolytic instability of alkoxide compounds. The sol-
gel method employed by Park et al9"° required a variety of complicated steps,
many of which needed to be performed under inert atmosphere.Fairly low125
crystallization temperatures near 1273 K were achieved by facilitation with
hydrogenperoxide.'5Further modification of the method resulted in crystalline
forsterite at temperatures near 1073K.'6
According to the phase diagram presented by Bowen andTuttle,'7forsterite
forms at temperatures near 650 K and pressures near 2000 psi by reacting brucite,
Mg(OH)2, with serpentine, Mg3Si2O5(OH)4, according to the following reaction:
Mg(OH)2 + Mg3Si2O5(OH)42Mg2SiO4 + 3H20 (1)
Not only are these starting materials non-toxic, but it is not necessary to do the
experiment under inert conditions.
We previously demonstrated a unique method for producing oxide materials
at lowtemperatures.'8The method, called hydrothermal dehydration, involves
precipitation of a hydroxylated species, followed by dehydration of the precipitate
under equilibrium conditions. This process leads to nucleation and grain growth,
resulting in a crystalline material. In this communication, we demonstrate this safe,
low-cost, low-temperature technique for preparation of forsterite.Insofar as we
know, the synthesis temperature, 698 K, is the lowest yet reported for the
preparation of crystalline forsterite under low-pressure conditions.
Experimental
5.12 g of Mg(NO3)26H20 (Mallinckrodt, reagent grade) and 1.84 g Na4SiO4
(Alfa-Aesar, reagent grade) were dissolved separately in 50 mL of distilled,
deionized H20.Upon mixing the two solutions, a precipitate formed.The126
precipitate was stirred and heated at 343 K for approximately 1 h. After filtration,
the wet, white precipitate was placed in a platinum crucible and enclosed in an
Inconel high-pressure reaction vessel (Parr Instruments.) No additional water was
added. The vessel was placed in a furnace at room temperature and was heated at5
KIh to 698 K, held for 4 hours, then cooled to room temperature at 50 KIh. On
opening of the bomb, the white precipitate was separated from approximately 2 mL
of H2O.
Powder x-ray diffraction (XRD) patterns were obtained by using a Siemens
D5000 X-ray diffractometer equipped with Cu Ka radiation. Data were obtained
over the range 22060 at 0.02
Ointervals.
Results and Discussion
Upon mixing the two aqueous solutions, Mg(NO3)2(aq) and Na4SiO4(aq), a
precipitate forms. Since pKb for Si044(aq) is 8, extensive hydrolysis will occur,
leading to the following reaction:
Si044 (aq)+2H20Si02(OH)22 (aq)+20ff (aq) (2)
This results in the formation of a hydroxylated precipitate when Mg2 (aq) is added.
The hydroxylated precipitate is most likely not simply amorphous forsterite; rather,
it is a well-mixed, stoichiometric combination of brucite and serpentine with some
additional waters of hydration. We will represent this stoichiometty by using the
formula Mg(OH)2'Mg3Si2O5(OR)4.(H2O); the powder XRD pattern of the127
precipitate without heat treatment (Figure 8.1) is indicative of an amorphous
material.
10 20 30 40 50 60
two theta
Figure 8.1. Powder XRD pattern of as-precipitated
Mg(OH)2 'Mg3Si2O5(OH)4.(H2O).
To follow the course of the reaction, the products were removed from the
reaction vessel and were analyzed by XRD following selected heat-treatment steps
(Table 8.1.)128
10 20 30 40 50 60
two theta
Figure 8.2. Powder XRD pattern of precipitate after heating under hydrothermal
dehydration conditions at 473 K
Table8.1.Results fromd(fferenthydrothermal dehydrationtemperatures.
F=forsterite, B =brucite, S=serpentine, E=enstatite.
Sample# Maximum Temperature Phases Present
1 As precipitated (no heating) Amorphous
2 473 K Amorphous
3 523 K Amorphous
4 623K Amorphous B,S,F
5 673 K Crystalline B, S, F
6 698 K Crystalline F, E129
From room temperature to 523 K, no discernible crystalline phase can be
detected in the XRD patterns; the pattern for the 473-K sample is depicted in
Figure 8.2.After the 673 K treatment, crystalline forsterite is present in small
amounts, but additional peaks can be associated with serpentine and brucite.
F F
F F
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Figure 8.3.Powder XRD pattern forMg2SiO4heated at 673 K F=forsterite,
B =brucite, S=serpentine.
Increasing the temperature slightly to 698 K causes the remaining brucite
and serpentine to react completely, resulting in the formation of forsterite (Figure
8.4.) Peak positions are in good agreement with those available from the JCPDF
powder diffractionfile.'9No additional peaks from serpentine or brucite are
present. There is, however, one additional peak resulting from enstatite,MgSiO3.
Phase disappears when heated to higher temperatures (Figure 8.5.) We believe 698130
K is the lowest reported synthesis temperature for the preparation of crystalline
forsterite.
E
10 20 30 40 50 60
two theta
Figure 8.4. Powder XRD pattern of crystalline forsterite prepared at 698 K using
hydrothermal dehydration.
Heating the sample in an open container at 1273 K for 12 h results in an
improvement in the crystallinity, as evident from the sharpening of the diffraction
peaks given Figure 8.5.Also note from Figure 8.5 that the enstatite peak has
disappeared, leaving forsterite as the only phase present.131
10 20 30 40 50 60
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Figure 8.5. XRD pattern of forsterite, prepared by precipitation, hydrothermal
dehydration, and standard furnace heating.
Conclusions
By using the hydrothermal dehydration method, we have produced
crystalline forsterite at temperatures as low as 698 K. Equilibrium is established
allowing for nucleation and grain growth; heating the precipitate under normal
conditions (i.e., without a high pressure vessel) results in an amorphous material.
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CHAPTER 9
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE STUDIES
Conclusions
Several important phosphors for useinalternating-current thin-film
electroluminescent (ACTFEL) devices have been synthesized andstudied.
Particular attention was paid to synthesis of a bright and efficient green ACTFEL
SrS:Cu phosphor by using codopants, solid solution, and ceramic processing
techniques.
A new model describing the emission of charge compensated SrS:Cu was
introduced. By comparing our data to previously reported data for this system and
NaBr:Cu, we concluded that the ground-state Cu position in SrS is similar to that of
NaBr; it occupies a shallow off center position. This model was used to explain the
emission characteristics of charge compensated SrS:Cu at low temperatures.
Introducing S vacancies into SrS by adding alkali-metal cations leads to a reduced
coordination around the Cu ion.This Cu-vacancy complex was described as a
deep off-center ground-state Cu position.
A similar trend was observed by examining Cu doped calcium and barium
sulfides and comparing the results to other alkali halides. The ground-state Cu
position in CaS is similar to that of NaC1:Cu, i.e., it occupies an on-center position.
Conversely, the ground-state Cu position in BaS is a deep off-center position,134
similar to that of KC1:Cu. We believe this comparison to be valid because of the
similar cell parameters and distances involved in the alkali halides and the alkaline
earth sulfides.
The use of the phosphor SrS:Cu for ACTFEL applications was studied.
Charge compensation of the phosphor, e.g., through addition ofY3or C1, resulted
in bright and efficient blue emission. Creating vacancies through addition of alkali
metal cations, e.g., Na and K, resulted in very bright and efficient green emission.
The efficiencies reported here are highest observed for a saturated green-emitting
ACTFEL device.Allthe ACTFEL resultscorrespondwellwiththe
photoluminescent results.
A study of emission characteristics of ZnS and SrS doped with various
lanthanide dopants was performed. By comparing the emission spectra for each
phosphor, as well as the electrical characteristics, it was concluded that the hot
electron distribution appears to be inadequately heated to efficiently excite short
wavelength luminescent impurities. For this reason, we concluded that ZnS would
not make an efficient ACTFEL phosphor for blue emitting applications.
In the second half of this thesis, a simple approach was examined for the
synthesis of refractory silicates at low temperatures. Three silicates were prepared
in this study: Zn2SiO4, SnSiO3, and Mg2SiO4.Zn2SiO4 has previously been
synthesized at low temperatures, so its preparation did not represent a particularly
difficult problem. SnSiO3, however, had only been prepared at temperatures of 823
K or higher. We reported a synthesis temperature of 398 K. We believe this135
method will prove to be very important for the preparation ofSn2 oxides because
of the propensity of Sn2to lose oxygen and subsequently oxidize at high
temperatures. As noted in the Appendix, SnWO4 has also been prepared by using
this technique. The preparation of Mg2SiO4 was accomplished at temperatures as
low as 698 K. Although the resulting powder was not completely single phase,
heating the sample at 1273 K for 12 hours resulted in a single phase material of
crystalline Mg2SiO4. We believe this is a major accomplishment considering
previous low temperature synthesis studies of Mg2SiO4 required many complex
steps and toxic materials that needed to be handled under controlled conditions.
Hydrothermal dehydration relies on nontoxic starting materials and it involves only
a few, simple steps.
Recommendations for Future Studies
An observant researcher will identify many unanswered questions that arise
during a lengthy research project.Because of many factors, however, these
unanswered questions cannot be answered all at once. Fortunately, these questions
give rise to new research projects for future graduate students.Here, a few
suggestions for future studies will be offered.
Diffuse Reflectance of SrS:Cu
Previously reported results on Cu doped alkali halide phosphors involved
examining the absorption properties of Cu versus temperature. From these results,136
the researchers were able to determine the oscillator strength and then conclude the
nature of the Cu site, i.e., on center, shallow off center, etc.These absorption
studies were done by using single crystals of the alkali halides. Single crystals of
alkaline-earth sulfides, however, are very difficult to grow because of their high
melting points and high reactivity, although growth may be more easily achieved
by using flux methods. An experiment similar to that of absorption in single
crystals is diffuse reflectance. In this experiment, a powder sample is used and a
monochromatic light source is displayed onto the sample. A detector is placed at
an angle such that only the diffuse reflected light is collected.By varying the
temperature, one should obtain results similar to the absorption data reported in the
literature. This would be a nice quantitative experiment that could be used to verify
the use of the off-center, on-center model.
Pressure Effects of Luminescence of SrS:Cu
We have shown that by decreasing the unit cell of SrS:Cu we were able to
destabilize shallow off center ground-state potential. This, in effect, is the same as
increasing the pressure. By mechanically increasing the pressure, however, we
would expect to obtain the same result. Kevin Bray at Washington State University
deals with luminescence of materials under high pressure. Perhaps a collaborative
effort between our two labs would result in further evidence of the shallow off-
center model.137
ab initioCalculations on SrS:Cu
Another potentially useful experiment would be to run anab initio
calculation on the SrS:Cu system. By doing this experiment, one could determine
the preferred directions for Cu ion movement in the SrS matrix. Comparing the
results for a charge compensated sample versus a vacancy associated sample may
also prove very interesting.
Lifetime Data on SrS:Cu
Some current theories in the literature assume the Cu ion occupies a single
site, no matter the temperature. One relatively simple experiment for examining
this model is to obtain lifetimes at both short and long wavelengths as a function of
temperature.If the excited states are not coupled, independent lifetimes will be
observed. If the excited states are characterized by a coupling between on-center
and off-center potentials, the lifetimes will follow a very characteristic temperature
dependence.
Low Temperature Processing for Oxide ACTFEL Devices
We have demonstrated the use of hydrothermal annealing of Zn2GeO4:Mn
thin-films for use in ACTFEL device applications.The method is far from
optimized, however, and needs considerably more research.By varying a few
parameters, we could possibly obtain very bright and efficient ACTFEL devices by
using this low-temperature technique.The study should include varying the138
amount of water used in the reaction vessel, varying the temperature used, and
varying the time in the oven.It may also be beneficial to examine the effects of
adding various steps after the hydrothermal anneal, such as rapid thermal annealing
and standard furnace annealing.
A technique called SILAR will be helpful in creating thin films without the
use of any vacuum deposition equipment. Essentially, a glass substrate is dipped
into a cation solution for several seconds, rinsed, and then dipped in an appropriate
anion solution forming a monolayer of film on the substrate.The process is
repeated until the desired film thickness is obtained. This could then be subjected
to a hydrothermal anneal, thus dehydrating the sample and producing a crystalline
film.
Hydrothermal Dehydration Synthesis of Other Silicates
We know that Mg25iO4 is very difficult to prepare by standard solid-state
techniques. We were able to produce the material by using the hydrothermal
dehydration method, therefore, less refractory silicates should be quite easy to
prepare. One such material is Y2SiO5. This is a common phosphor used in CRT
displays. By simply combining the appropriate starting materials and following the
hydrothermal dehydration procedure, crystallineY2SiO5should form rather easily.139
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LUMINESCENCE STUDIES OF Tb:CeAI3(B03)4
The compound LaSc3(B03)4 (LSB) and CeA13(B03)4 (CAB) belong to a
large class of materials that crystallize in the structure of the mineral huntite,
CaMg3(CO3)4. In this appendix, the crystal structure of Nd:LSB is given. Also,
excitation and emission spectra of the bright phosphor Tb:CAB are described.
Crystal Structure of Nd:LaSc3(B03)4
A large Czochralski grown crystal was obtained from Dr. Tom Reynolds.
A smaller crystal with approximate dimensions 0.1 x 0.1 x 0.2 mm was chipped off
and mounted on the end of a glass fiber with epoxy for X-ray structure analysis.
Data were collected with Mo Ka radiation on a Rigaku AFC6R diffractometer.
The w-2® scan technique was used to collect data covering the range of indices 0
<h < 15, 0 <k < 19, and 23 <1 < 23. The space group C2/c was determined
based on the systematic absences h + k = 2n + 1 and 1 = 2n + 1 for hO!.Three
reflections, chosen as standards and measured after each block of 500 data,
exhibited an overall average intensity decay of 1.8%. The structure was solved and
refined using the TEXSAN crystallographic software package (Molecular Structure
Corporation, 1997.) The refinement converged to R = 0.034 and wR = 0.041. A
summary of the crystallographic data is given in Table A. 1.149
Table A. 1. Crystallographic data for Nd:LSB.
Diffractometer Rigaku AFC6R
Radiation 0.7 1703 A (Mo Ka)
Formula wt., amu 509.00 1
Unit cell Monoclinic
a, A 7.728(2)
b,A 9.848(1)
c,A 12.047(2)
V,A3 883.8(2)
Space group C2/c (#15)
R 0.034
WR 0.041
Table A.2. Atom positions for Nd:LSB.
atom x z B(eg)
La(1) 0 0.3946(2) 0.5 0.58(1)
La(2) -0.5 -0.0345(2) 0 0.56(1)
Sc(1) 0 0.0060(3) 0 0.25(2)
Sc(2) -0.0492(2) 0.1803(2) 0.2243(1) 0.38(2)
Sc(3) -0.5 0.3562(3) 0.5 0.54(2)
Sc(4) -0.4525(2) 0.1819(2) 0.2752(1) 0.43(2)
0(1) -0.2418(6) 0.3184(4) 0.2626(4) 0.42(5)
0(2) -0.2065(6) -0.1256(4) 0.0029(4) 0.38(5)
0(3) -0.2500(6) 0.0485(5) 0.2503(4) 0.60(6)
0(4) -0.3042(6) 0.4894(5) 0.4838(4) 0.69(6)
0(5) 0.0944(7) 0.3440(5) 0.1855(4) 0.57(6)
0(6) -0.6038(6) 0.3426(5) 0.3181(4) 0.50(6)
0(7) 0.1151(6) 0.0306(5) 0.1807(4) 0.44(6)
0(8) -0.6047(6) 0.0285(5) 0.3180(4) 0.53(6)
0(9) -0.0611(6) -0.3242(4) 0.1015(4) 0.53(6)
0(10) -0.3285(5) 0.2091(4) 0.4537(3) 0.44(4)
0(11) 0.0757(6) 0.1986(5) 0.3967(4) 0.53(6)
0(12) -0.3472(5) -0.3332(4) -0.0413(3) 0.50(5)
B(1) -0.745(1) -0.041(1) 0.2475(9) 0.7(1)
B(2) -0.253(1) -0.0919(8) 0.2483(7) 0.34(9)
B(3) -0.299(1) 0.625(1) 0.4753(9) 0.5(1)
B(4) -0.201 (1) -0.266(1) 0.0237(8) 0.5(1)150
Photoluminescence ofTb:CeAI3(B03)4
CAB:Tb samples were prepared bystandardsolid-statechemistry
techniques. First, the optimum concentration of Tb was found to be 30 atom% Tb
in CAB, as indicated by Figure A.1.
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Figure A. 1. Concentration Quenching of CeA13(B03)4: Tb3
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The emission spectrum for CAB:Tb is given in Figure A.2. The sample was
excited by 270 nm radiation. All spectra were corrected for monochromator and
PMT response.151
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Figure A.2. Emission spectrum of CeAl3(BO3)4:Tb3
The VUV excitation spectra for CAB:Tb and Zn2SiO4:Mn is given in Figure
A.3. This data was obtained at Samsung Corporation in South Korea with the help
of Youhyak Kim. Note the excitation is stronger in CAB:Tb at longer wavelengths,
but weaker at shorter wavelengths. For this reason, this phosphor would probably
not compete well with Zn2SiO4:Mn for VUV applications such as plasma television
displays.2.5
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3+ FigureA.3. VUVexcitation spectrum of CeA13(B03)4:Tb
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APPENDIX B: UNFINISHED PROJECTS
In this appendix I will describe many of the projects that I could not finish
during the four years that I was here at OSU.I feel that these projects would
probably make for some interesting studies, especially those dealing with Sn
compounds.
Synthesis of Sn2(W04)3 Single Crystals
The purpose of this experiment was to synthesis new Sn containing
materials, specifically compounds with a mixed valance Sn, i.e., Sn2and Sn4,
similar those compounds containing Bi3 and Bi5. Single crystals of Sn2(W04)3
were grown by vapor phase transport in an evacuated silica tube, using '2 and NH4I
as the transporting agent. More details of vapor phase transport crystal growth can
be found in the literature.These crystals were black and conductive.Finding a
non-twinned crystal proved difficult, however, and the structure was not solved
with any degree of certainty.
Hydrothermal Dehydration of SnWO4
By using the hydrothermal dehydration method, as outlined in chapters 6-8,
single phase a-SnWO4 was prepared.Two phases exist for SnWO4: the low
temperature a-phase and a high temperature n-phase. Attempts were made to make154
the high temperature phase using the hydrothermal dehydration method, by varying
the pH of the solutions, but these attempts were never successful.
Luminescence of SrS:Cu, Ag
Some studies were performed on the photoluminescence of SrS:Cu, Ag.
This system emits in the deep blue region of the spectrum. Based on our work
dealing with coordination of Cu in SrS, one would expect that the luminescence
would be green, since Ag enters the matrix as a +1 cation. We believe, however,
that the Ag acts as a vacancy scavenger, preserving the six-fold coordination about
Cu in SrS.From the results I obtained on low temperature measurements for
SrS:Cu, Ag, this seems logical, since the same green shift is observed with
decreasing temperature. It's still not clear why SrS:Ag is not an efficient phosphor
without the Cu present.The latest studies in the literature indicate that the Ag
cannot enter the matrix without first forming an alloy with Cu, which is then
incorporated into SrS.It would be interesting to study SrS:Ag to tell whether or
not the Cu is really necessary. For instance, is there another way to incorporate
only Ag into SrS?
SrGa2S4 and Sr2Ga2S5 Phosphors
Two samples of SrGa2S4 and Sr2Ga2S5 doped with Eu2 were prepared. The
emission of each was measured and the latter was red-shifted compared to the first.
No further studies were done on this system.